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PREFACE 
The objective of this work is to synthesize polystyrene based inorganic precipitated 
membranes and study the effects of non-uniform distributions of fixed charges on 
membrane potentials, i.e. having the same number of fixed charges with different 
distribution profiles. Similar to TMS theory, the membrane potential equation for linearly 
varying fixed charges was derived based on the Nemst-Plank flux equation and Donnan 
equilibrium. A numerical solution procedure was presented to obtain the membrane 
potential for uni-univalent electrolyte solutions. According to the simulation results, the 
effects of non-uniform distribution of fixed charges on membrane potential were 
discussed and the results were compared with the values obtained from TMS theory. 
This thesis has been divided into four chapters and conclusions. The First chapter 
contains introduction regarding membranes, their types, preparations and properties. The 
Second, Third and Fourth chapters deals with the synthesis, characterization and 
membrane potential which has been measured across polystyrene based metal molybdate 
membranes separated by various 1:1 electrolytes at different concentrations. Membrane 
potential data have been used to calculate transport number and fixed charge densit). In 
addition, distribution coefficient, mobility ratio and charge effectiveness has also been 
calculated for these membranes. 
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CHAPTER-1 
QeneraC IntroiCuction 
m 
1. Indroduction 
The field of membrane separation technology is presently in a state of rapid growth and 
innovation. Many membrane separation processes have been developed during the past 
century and new processes are constantly emerging from academic, industrial and 
government laboratories. Nowadays, membrane separation processes used in water 
treatment plant minimizes waste and pollution unlike coagulation-clarification and ion 
exchange. It is becoming technology of choice for making portable water around the 
world by desalination, reuse of municipal water, wastewater reclaim and recycle, as well 
as for pollution control treatment and zero discharge. The technological development of 
membrane is projecting new dimension to replace biological cell membrane. 
Systematic studies of membrane phenomena can be traced to the eighteenth 
century scientists. Abb'e Nolet coined the word 'osmosis' to describe permeation of 
water through a diaphragm in 1748. Through the nineteenth and early twentieth centuries, 
membranes had no industrial or commercial uses, but these were used as laboratory tools 
to develop physical/chemical theories. For example, the osmotic pressure of a solution 
measured with the help of membranes by Traube and Pfeffer had been used by van't Hoff 
in 1887 to develop his limit law, which explained the behavior of ideal dilute solutions; 
this work led directly to the van't Hoff equation. At about the same time, the concept of a 
perfectly selective semipermeable membrane was used by Maxwell and others in 
developing the kinetic theory of gases. 
The combine efforts of chemists, biologists, physists and chepomical engineers 
have achieved considerable success not only in the particular area of artificial kidney, 
liver, skin [1] and desalination of brackish sea water economically but also in the areas of 
employing various membrane processes for hemodialysis, hemofiltration, gas separation, 
producing oxygen enriched air, air controlling and water pollution, monitonng 
environment, harnessing of solar energy, nuclear reactor, pulp and paper industry. 
exploring oil and gas reservoir, chemical technology, ion-selective electrode, 
pharmaceutical industries, biotechnology, classification and separation of food products, 
synthesis of acid, bases and organic compounds petrochemical plants, fuel cell and model 
of theoretical studies [2-4], Recently, research and development of inorganic membranes 
for practical uses have been rapidly growing and contributing remarkably to a variety of 
day-to-day problems related to economic prosperity and physical well-being of mankind. 
Hybrid membrane systems reduce operating costs and environmental pollution and make 
the overall process becoming more efficient [5]. 
The study of inorganic membrane materials and processes is a rapidly expanding 
research interest area. This is due to the recognition that research results in recent years 
have created membrane-based technology modules with the potential to improve the cost 
efficiency and environmental performances of energy production systems beyond current 
benchmarks. Inorganic membranes for energy and environmental applications provides a 
single source reference for researchers contemplating continued advancement of 
inorganic membrane technology to novel capabilities for applications to energy and fuel 
production systems and potentially technology based responses to address greenhouse gas 
emission concerns. The interest in inorganic membranes goes beyond the scientific 
curiosity. The long history of hydrogen purification with palladium foils, helium 
separation with fused quartz and oxygen separation with silver represents the successful 
industrial applications of inorganic membranes, however, the gas permeability through 
these metals is much lower than that through polymeric membranes, attention has lamely 
been focused on polymer membranes for practical applications. The progress of inoganic 
membranes had been relatively dormant until the development of thin composite metal 
membranes and ion-conducting ceramic membranes. These membranes, unlike the 
polymeric membranes, offer virtually complete separation. Since the inorganic 
membranes can withstand high temperature and hostile environments, their applications 
to membrane reactors for many industrial processes attracted considerable attention [6]. 
This thesis documents progress in inorganic membranes, especially in novel materials 
and advanced separation concepts, with applications for cost-effective and 
environmentally fiiendly. 
Membranes have gained an important place in chemical technology and the key 
property is the ability to control the permeation rate of a chemical species through the 
membrane. In separation applications, the goal is to allow one component of a mixture to 
permeate the membrane freely, while hindering permeation of other components. The 
concept of environmentally responsive materials has also extended into the design of 
separation membranes for different potential applications, like treatment of wastewater of 
varying composition, selective macromolecule separation, drug delivery and sensors [7]. 
The synthesis strategy usually consists in grafting stimuli sensitive polymers to the 
surface of a porous membrane. The change of conformation of grafted chains acts as a 
gate of changeable dimensions that controls flux through the membrane pores. 
Temperature, pH and light-sensitive permeation have been reported [8]. pH sensitive 
membrane transport has been obtained by techniques involving layer by layer alternative 
adsorption of cationic and anionic polyelectrolytes on a porous support [9]. 
Separation of a mixture in a membrane process is the result of different transport 
rates of different components through the membrane [10]. The transport rate of a 
component through a membrane is determined by driving forces such as concentration, 
pressure, temperature, electrical potential gradients and the mobility of the component m 
the membrane matrix. Membrane processes can be grouped according to the applied 
driving forces into pressure driven processes [11] such as reverse osmosis, nano, ultra 
and microfiltration. 
The literature concerning membrane is enormous and in fact, too extensi\e to 
mention. The principal volimies containing significant sections devoted to membrane 
electrochemistry by, Clarke and Nachmanshon [12], Helfferich [13], spiegler il4], 
Merten [15], Marinsky [16], stein [17], Cole [18], Lakshminarayanaiah [19], Hope [20], 
Arndt and Roper [21], Plonsey [22], Kotyk and Janacek [23], Keller [24], Purlin and 
Eyring [25], Caplan andMikuleeky [26], Eisenman [27], Sandblom and Ome [28], Harris 
[29], Schlogl [30], Bitter [31], Krikwood [32], Jirikoryta [33], Katchalsky and Curran 
[34], Danelli, Rosenberg and Cadenhead [35], Ramirez and Mafe [36], Woermann [37], 
Wagner [38], Harred and Owen [39], Manzanares and Konturi [40], Chilcott and Coster 
[41], Finkelstein [42], Haase [43], Bandini [44], Bowen and Mohammad [45], Ahmad 
[46], Yamamoto, Matsumoto and Tanioka [47], Chou [48], Aleman and Dickson [49]. 
Tongwen [50] etc. 
1.1. Types of Membranes: 
This thesis is limited to synthetic inorganic membranes, excluding all biological 
structures, but the topic is still large enough to include a wide variety of membranes that 
differ in chemical and physical composition and in the way they operate. Synthetic 
membranes show a large variety in their physical structure, the materials they are made 
from and in their function. They can be classified in four basic groups: (1) porous films, 
(2) homogeneous solid films, (3) barriers carrying electrical charges and (4) liquid or 
solid films containing selective carriers. Furthermore, membranes come in two typical 
structural configurations: symmetric and asymmetric, independent of whether they are 
homogeneous solid films, microporous media or electrically charged barriers. The 
schematic drawing in Figure 1.1. 
1.1.1. Membrane structures: 
The structure of a membrane is vital for its performance; it dictates the separation and 
permeation mechanism. Two types of membrane structures may be distinguished: 
(i) Symmetric membranes 
The membranes are either symmetrical, where the properties of the membrane do not 
change throughout the cross-section of the membrane. Typical thickness of symmetric 
membranes ranges roughly from 10-200 j^ m. The resistance to mass transfer is 
determined by the total membrane thickness. A decrease in membrane thickness results in 
an increased permeation rate. Thus for such membranes, the top surface determines the 
nature of separation and the thickness governs the rate of the process. Asymmetric 
(anisotropic) membrane has different chemical and physical structures in the direction of 
its thickness. It is typically characterized by a thin "skin" on the membrane surface with 
small pore size and a thickness of 0.1 to 0.5 jam. This dense layer is supported by a 
porous structure with larger pore size and a thickness of 50 to 150 \m\. 
(ii) Asymmetric membranes 
Asymmetric membranes are in general superior compared to symmetric membranes 
because the flux determining top layer can be very thin. Due to this unique ultrastructure, 
rejection occurs only at the surface and retained particles do not enter the main body of 
the membrane. The resistance to mass transfer is determined largely by the thin top layer. 
The support layer does not add any significant hydraulic resistance to the flow of solvent 
through the membrane. The ongoing development of polymeric asymmetric membrane 
throughout the decades resulted in the use of polymers like polyvinylidene fluoride [51, 
52], polyether-ether-ketone [53] and polyetherimide. 
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Figure (1.1). Schematic drawing illustrating the various materials and structures of 
technically relevant synthetic membranes 
(iii) Homogeneous membranes 
A homogeneous membrane is merely a dense film through which a mixture of molecules 
is transported by a pressure, concentration or electrical potential gradient. The separation 
of the various components of a mixture is related to their transport rates within the 
membrane phase, which is mainly determined by their diffusivities and concentrations in 
the membrane matrix. Homogeneous membranes are referred to as solution-diffusion 
type membranes. An important property of these membranes is that the chemical species 
of similar sizes and similar diffusivities, may be separated efficiently when their 
concentration, which is determined by their solubility in the membrane phase, differs 
significantly. Homogeneous membranes are prepared from polymers or in some cases 
from metals and metal alloys by various tllm-forming techniques. Since the mass 
transport in homogeneous membranes occurs strictly by diffusion their permeabilities are 
rather low. Homogeneous membranes are used mainly to separate components which are 
similar in size but have different chemical nature in processes such as reverse osmosis, 
gas and vapor separation and pervaporation [54]. In these processes asymmetric 
membrane structures are used which consist of a thin homogeneous skin supported by a 
porous substructure. 
(iv) Heterogeneous membranes 
Heterogeneous membranes have been produced by a number of Japanese manufacturers. 
The simplest form has very finely powdered cation or anion exchange particles uniformly 
dispersed in polypropylene. A film of the material is then extruded to form the 
membrane. The mechanical properties of these membranes are often poor because of 
swelling of the relatively large 10-20 \[.m diameter ion exchange particles. A much finer 
heterogeneous dispersion of ion exchange particles and consequently a more stable 
membrane can be made with a poly(vinyl chloride) (PVC) plastisol. A plastisol of 
approximately equal parts PVC, styrene monomer and cross linking agent in a dioctyl 
phthalate plasticizing solvent is prepared. The mixture is then cast and polymerized as a 
film. The PVC and polystyrene polymers form an interconnected domain structure. 
(v) Porous membranes: 
A porous structure represents a very simple form of a membrane, which closely 
resembles the conventional fiber filter as far as the mode of separation is concerned. 
These membranes consist of a solid matrix with defined holes or pores which have 
diameters ranging from less than 1 nm to more than 10 ^m. Separation of the vanous 
components is achieved strictly by a sieving mechanism with the pore diameters and the 
particle sizes being the determining parameters. Porous membranes can be made from 
various materials such as ceramics, graphite, metal or metal oxides and various polymers. 
Their structure may be symmetric, i.e. the pore diameters do not vary over the membrane 
cross-section, or they can be asymmetric, i.e. the pore diameters increase from one side of 
the membrane to the other typically by a factor of 10 to 1000. The techniques for the 
preparation of porous membranes can be rather different and include simple sinter 
processes, irradiation and etching techniques as well as phase inversion and polyiner 
precipitation procedure. 
(vi) Non porous membranes 
Dense nonporous isotropic membranes are rarely used in membrane separation processes 
because the trans membrane flux through these relatively thick membranes is too low for 
practical separation processes. However, they are widely used in laboratory work to 
characterize membrane properties. In the laboratory, isotropic (dense) membranes are 
prepared by solution casting or thermal melt pressing. The same techniques can be used 
on a larger scale to produce packaging material. 
1.1.2. Composite membranes: 
A composite membrane is comprised of more than one material and structure and 
considered to belong to asymmetric membranes. Such membranes are usually prepared 
by multi step method. The top and sub layer can be originated from different polymeric 
materials with different structures, with each layer able to be optimized independently. 
Usually, the top is a thin dense polymer skin formed over a microporous support 
substrate. This layer has a thickness of around 0.15 to 1 |j.m. A major benefit of such 
hybrid research activities is linked to synergistic effects of organic and inorganic matrix 
with desired and improved properties in comparison to own unique properties of each 
components which offer specific advantages of the excellent separation performances, 
optimum thermal and chemical stability and adaptability to the harsh environments, as 
well as membrane forming ability [55-58]. Therefore, organic-inorganic composite 
materials as new membrane materials have attracted more and more attentions [59-61]. 
They expanded considerable applications in optoelectronic [62], ion-conduction [63], 
biology [64], catalysis [65] and membranes [66]. Several organic-inorganic composite 
membranes have been prepared by casting either a bulk mixture of powder or colloidal 
state of inorganic material with polymer solutions [67]. Attempts have been made to 
synthesize new hydrocarbon ionomers [68, 69] and organic-inorganic hybrid polygiers 
[70, 71]. Some characteristics such as porosity, ionic conductivity, mechanical properties 
and chemical stability are important issues in membrane separators [72-75].* The 
materials used to produce these membranes are typically poly(ethylene oxide) (PEO) 
[76], poly(acrylonitrile) (PAN) [77] and poly(vinylidene fluoride) [78] with or without 
dispersing fillers (AI2O3 [79], SiOz [80] andTiOi [81]). 
1.1.3. Polymer membranes: 
By far the most versatile group of materials for membrane synthesis is polymers. 
Polymers can be tailored to meet specific requirements such as mechanical, thermal, 
hydraulic, chemical stability and high biodegradability. However, the chemical and 
physical properties differ so much that only a few have achieved commercial status and 
yet fewer have obtained regulatory approval for use in food, pharmaceutical and related 
industries. Polymers are still the main materials in membrane technology with the 
advantages of good membrane forming ability, flexibility and low cost [82,83]. However, 
limited chemical, mechanical and thermal resistances restrict the application of polymer 
materials [84]. In view of these limitations attempts have been made to synthesize new 
organic-inorganic hybrid polymers membranes [85]. 
1.1.4. Liquid membranes: 
The use of supported ionic liquid membranes (SILM), porous supports whose pores are 
filled with an ionic liquid (IL), has received growing attention during recent years [86]. 
Liquid membranes have gained increasing significance in combination with the so-called 
facihtated transport, which utilizes "carriers" which transport certain components such as 
metal-ions selectively and at a relatively high rate across the liquid membrane interphase. 
Generally, it is no problem to form a thin fluid film. However, It is difficult, to main tarn 
this film and its properties during a separation process. In order to avoid a break-up ol the 
fihn, some type of reinforcement is necessary to support such a weak membrane 
structure. Two different techniques are used for the preparation of liquid membranes: 
(a) The selective liquid barrier material is stabilized as a thin film by a surfactant in an 
emulsion type mixture. 
(b) In second technique a porous structure is filled with the liquid membrane phase. 
Both types of membranes are used for the selective removal of heavy metal ions 
or certain organic solvents from industrial waste and organic compounds involved in the 
synthesis of pharmaceutical and fine chemicals, such as alcohols, esters, organic acids 
and amino acids [87-90]. They have also been used rather effectively for the separation of 
oxygen and nitrogen. 
1.1.5. Size exclusion membranes: 
Based on size exclusion membranes can be categorized into four types namely; 
Microfiltration (MF), Ultrafiltration (UF) Nanofiltration (NF) and Reverse Osmosis (RO) 
membrane (Figure 1.2). Size exclusion membrane is a porous barrier, by which filtration 
can be performed to separate suspended or dissolved materials in solution based on size 
or molecular weight. In this filtration process, smaller particles or molecules pass through 
the barrier with the solvent (small molecules) as filtrate, while the larger particles or 
molecules are retained as retentate. These types of filtration membranes are based on the 
membrane pore size and retentate dimension. 
(i) Microfiltration (MF) membrane 
Originally described as the separation of particles or microbes that could be seen with the 
aid of a microscope (particles, dust, cells, macrophage, large virus particles, cellular 
debris), micro filtration pertains to separations with the membrane pore size ranging from 
0.05 to 5 nm in diameter, making the process suitable for retaining suspensions and 
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emulsions. For microfiltration, the fouling by concentration polarization may be 
negligible due to the large size of the particles retained [91]. Thus, microfiltration 
membranes fall between ultrafiltration and conventional filters [92]. Cellulose acetate, 
polyethersulfone, mixed ester, polycarbonate membranes with three different pore size 
(0.40-0.45, 0.22 and 0.10 nm) were used in cross flow microfiltration experiments [93]. 
(ii) Ultrafiltration (UF) membrane 
UF membranes are porous membranes with pore sizes ranging from 5 to 50 nm with 
corresponding molecular weight cut off rangmg fi-om 10,000 to 500,000. The term 
ultrafiltration has been introduced to discriminate the process whose nature lies between 
nanofiltration and microfiltration. Since the molecular shape of dissolved solutes 
significantly affects the retention characteristics, the pore rating for ultrafiltration (UF) 
membranes is usually indirectly determined as the nominal molecular weight cut off 
(MWCO) that is retained by approximately 95%. UF membranes are electrically charged 
due to the amphoteric behavior of hydroxyl groups (dissociated water) coming from 
metal oxide hydrated surfaces [94-96]. 
Both UF and MF membranes can be considered as porous membranes, where 
rejection is determined mainly by the size and shape of the solutes relative to the pore 
size of membrane like oil-water separation [97], removal of impurities during 
clarification process of glycerol-water mixture [98, 99]. 
(iii) Nanofiltration (NF) membrane 
Nanofiltration is a relatively new description for filtration process using membranes with 
a pore size ranging fi-om 1 to 10 nm. This term has been introduced to indicate a specific 
domain of membrane technology in between UF and RO. Nanofiltration offers an 
attractive approach to meet multiple water quality objectives, such as removal of organic, 
inorganic and microbial contaminants and thus it is a potential alternative to conventional 
water treatment [100-106]. Besides desalination industry, the application of NF 
technology includes disinfection by removal of organics [107], arsenic removal [108] and 
recovery of high value organometallic catalysts from the reaction mixtures allowing the 
catalyst to be reused [109]. NF also used to separate inorganic salts with much smaller 
size than the pore size according to electrostatic repulsions. 
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Figure (1.2) The schematic vision of the membrane processes on the basis of their pore 
size. 
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Pharmaceutical applications of NF membranes include the isolation of industrially 
important antiviral drug precursor, A^-acetyl-d-neuraminic acid [110], clindamycin from 
the fermentation wastewater [111] and sodium cefuroxime [112] from cephalosporin-C 
and cephalexin [113.1 14]. Removal of d\e from textiles [115] and distillery wastewater 
are the other frontier applications of NF [116]. Usually, the charge is assessed using the 
streaming potential technique. 
(iv) Reverse osmosis (RO) membrane 
When a larger pressure is applied (compared to the osmotic pressure) on the side which 
has a lower concentration of solvent, the osmotic flow is reversed. This process is called 
reverse osmosis (RO). Reverse osmosis membrane is used when solutes having a low 
molecular weight such as inorganic salts (NaCI) or small organic molecules such as 
glucose and sucrose, have to be separated from a solvent. In the RO process, processing 
liquid is being transported through the membrane under high pressure. The RO 
membrane must have a pore radius less than 1 nm. As such, o.'ily water molecules can 
pass through the membrane freely whereas electrolyte solutes such as NaCI and organic 
solutes that contain more than one hydrophilic functional group will be retained. RO 
membrane usually consists of a polymeric material that swells in water. The polymeric 
RO membrane is a non-porous dense membrane consisting of a polymer network in 
which solutes dissolved [117]. Tanneries reusing wastewater by a combination of 
conventional and advanced RO treatment technologies and were assessed for technical 
and economic viabilities [118]. Conventional treatment methods such as neutralization, 
clari-flocculation and biological processes are followed to clean the effluents before 
feeding to RO membrane modules [119]. 
MF, UF, NF and RO all belong to the category of pressure-driven membranes. 
Other-pressure driven membranes include gas selective separation, pervaporation and 
piezodialysis membranes. In these pressure driven processes, a hydraulic or gas pressure 
is applied to speed up the transport process of species across the membrane (porous or 
non-porous). The hydrodynamic or gas permeability of the membrane is often different 
for different components. 
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(v) Gas selective separation membrane 
The gas selective separation membrane is usually a non-porous membrane. It may be a 
composite or an asymmetric membrane with an elastomeric (such as silicone rubber or 
natural rubber) or glassy polymeric top layer. The thickness of the selected layer is 
approximately 0.1 to few microns. The support layer should have an open porous 
network to minimize the resistance to mass transfer but must not contain macro voids as 
they are weak spots for high pressure applications [120]. The mechanism of gas 
separation utilizes the differences in dissolution and diffusion of the gas that permeates 
the membrane. For gas permeation, both the upstream and downstream sides of 
membrane consist of a gas or a vapor. Generally, membranes having relatively loose 
domains between polymer segments are used for the separation of O2/N2, CO2/CH4 [121] 
and hydrogen [122] or helium (both having a small molecular diameter and low 
molecular weight) in a gas mixture. 
(vi) Pervaporation membrane 
Pervaporation process used to separate liquid state mixtures [123, 124], morphology of 
pervaporation membrane is similar to that of gas separation. It is a term coined from the 
words "permeation" and "evaporation". The pervaporation process is being developed to 
separate water from alcohol especially in an azeotropic mixture [125]. Essentially, the 
pervaporation process involves three steps: selective sorption into membrane on the feed 
side; selective diffusion through the membrane and desorption into a vapor phase on the 
permeate side. The basic principle of the separation of organic liquid mixtures by 
membranes is to use polar membranes, if there is a requirement to permeate the polar 
liquid and vice versa. More and more organic-inorganic hybrid materials such as PVA-
silica, polyimide-silica was prepared and applied to pervaporation separation processes 
[126-130]. 
(vii) Piezodialysis membrane 
Piezodialysis is a process applied with ionic solutes. Under increased pressure from the 
feeding solution, the ionic solutes permeate through the membrane rather than the solvent 
which is usually water. Piezodialysis membranes are ion exchange membranes 
possessing both cation exchange and anion exchange groups. Electroneutrality is 
maintained by the simultaneous passage of cations and anions through the membrane. Ion 
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transport is favored relative to solvent transport, so that the salt concentration in the 
permeate is higher than that in the feed. 
1.1.6. Inorganic membranes: 
Inorganic membranes are further classified as ceramic, metallic, glass or zeolitic 
membranes, and generally have greater thermal and chemical stabilities than typical 
polymeric membranes [131]. Excellent thermal and chemical stability allows inorganic 
membranes to be used in high temperature and extreme pH applications. 
(i) Ceramic, Metal, Liquid and Zeolite membranes 
Ceramic membrane is a big family which is totally different from polymer membranes. 
Most ceramic membranes have an asymmetric structure with either a dense or a porous 
skin layer. The rough porous support is made of sintered ceramic particles alimiina 
(AI2O3) [132], titania (Ti02) and Zirconia (Zr02)) in which the pores are subsequently 
reduced in size (in three or five deposition steps) before the final support layer is formed. 
Typically the final support layer has a pore size between 1 to 5 )am. As reported in 
literatures [133], ceramic membranes have higher thermal and chemical resistance and 
longer lifetime, but they are expensive with poor flexibility and low separation 
performance. Dense metal membranes particularly palladium membranes are being 
considered for the separation of hydrogen from gas mixtures and supported liquid films 
are being developed for carrier facilitated transport processes. And zeolite membranes 
have been studied for separations [134-138] because of their molecular-sized pores, 
adsorption properties and high thermal and chemical stabilities. Their ability to separate 
mixtures depend on the size and number of defects, which are inter crystalline pathways 
in these polycrystalline membranes that are larger than the zeolite pores and thus are 
typically nonselective. 
1.1.7. Ion-Exchange membranes: 
Ion-exchange membranes are ion-exchange resins in film form. Therefore, they consist 
highly swollen gels, carrying fixed positive or negative charges. Ion-exchange 
membranes (lEMs) are increasingly used in industrial applications for production of tap 
water, for industrial waste water treatments [139]. The ion-exchange membrane is now 
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widely used in various applied electrochemical devices such as membrane electrolysis, 
solid polymer electrolyte and fuel cell storage batteries as well as in the field of 
separation science, which includes electrodialysis and electrodeionization [140,141]. 
There are two different types of ion-exchange membranes. 
(i) Cation-exchange membranes 
In a cation-exchange membrane, the fixed anions are in electrical equilibrium with 
mobile cations in the interstices of the polymer, as indicated in Figure (1.3), the matrix of 
a cation-exchange membrane with fixed anions and mobile cations, the latter referred to 
as counter-ions. In contrast, the mobile anions, called co-ions, are more or less 
completely excluded from the polymer matrix because of their electrical charge, which is 
identical to that of the fixed ions [142]. This type of exclusion is called Donnan-
exclusion, due to exclusion of the co-ions, a cation-exchange membrane permits transfer 
of cations only [143]. 
(ii) Anion-exchange membranes 
Such membrane contains positively charged groups fixed in the polymer matrix. Anion-
exchange membranes carry positive charges fixed in the polymer matrix. Therefore, they 
exclude all cations and are permeable to anions only. Thus, the selectivity of ion-
exchange membranes results from the exclusion of co-ions from the membrane phase. 
Several types of polymers that are being used as homogeneous anion-exchange 
membranes after chloromethylation and amination with triamine or heterogeneous anion-
exchange membrane have been reported [144, 145]. These include: 
> copolymers of styrene and divinylbenzene. 
> polysuifone [146, 147]. 
> styrene and butadiene block copolymers [ 148]. 
> interpolymers of polyethylene and styrene-divinylbenzene copolymers [149] and 
> polyvinyl chloride-glycidyl methacrylated vinylbenzene-based polymers [150]. 
The schematic matrix of a cation-exchange membrane with fixed anions and 
mobile cations is shown in Figure 1.3, which are referred to as counter-ions. In contrast, 
the mobile anions, called co-ions, are more or less completely excluded from the poylmer 
matrix because of their electrical charge which is identical to that of the fixed ions. 
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Figure (1.3). Schematic diagram of a cation-exchange membrane showing the polymer 
matrix with the negative fixed charges, the positive counter-ions and the negative co-ions. 
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Anion-exchange membranes carry positive charges fixed in the polymer matrix. 
Therefore, they exclude all cations and permeable to anions only. The most desired 
properties of ion-exchange membranes are: 
> High permselectivity: an ion-exchange membrane should be highly permeable for 
counter-ions, but should be impermeable to co-ions. 
> Low electrical resistance: the permeability of an ion-exchange membrane for the 
counter-ions imder driving force of an electrical potential gradient should be as high 
as possible. 
> Good mechanical stability: the membrane should be mechanically strong and should 
have a low degree of swelling or shrinking in transition from dilute to concentrated 
ionic solutions. 
> High chemical stability: the membrane should be stable over a pH-range from 1 to 14 
and in the presence of oxidizing agents. 
The properties of ion-exchange membranes are determined by two parameters: the 
basic polymer matrix and the type and concentration of the fixed ionic moiety. The basic 
polymer matrix determines to a large extent the mechanical, chemical and thermal 
stability of the membrane. Very often the matrix of an ion-exchange membrane consists 
of hydrophobic polymers such as polystyrene, polyethylene or polysulfone. Although 
these basic polymers are insoluble in water and show a low degree of swelling, they may 
become water soluble by the introduction of the ionic moieties. Therefore, the polymer 
matrix of ion-exchange membranes is very often cross-linked. The degree of cross 
linking then determines to a large extent not only the degree of swelling and chemical 
and thermal stability, but it also has a large effect on the electrical resistance and the 
permselectivity of the membrane. 
1.2. Synthesis of Ion-exchange membranes: 
Different chemical processes currently in vogue for the synthesis of membranes include 
Co-precipitation [151,152], Combustion method [153], Sol-Gel method [154,155], Spray 
pyrolysis [156], Micro-emulsion technique [157] and Solid state reaction method 
followed by mechanical milling [158-162]. Among all these methods, Sol-Gel process 
allows good control over the size of the material particles, which in turn decides their 
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structural and transport properties (electrical and magnetic). The advantage of this 
method includes processing at low temperature, mixing at the molecular level and 
fabrication of novel materials. 
1.2.1 Sol-Gel method 
The history of usage of Sol-Gel processes began more than 170 years ago and was 
connected to the names of the founders of colloid chemistry [163], who has described 
transformations of silicic acid and similar compounds of tin and titanium during 
hydrolysis and gelation. A possibility was shown to obtain silica in the form of a glassy 
material suitable for creation of glassy fibers and even monolithic glassy lenses [164], as 
a result of the acidic hydrolysis of tetraethyl and tetramethylorthosilicates (silicon 
alkoxides). Basically three reactions generally describe Sol-Gel process: hydrolysis, 
alcohol condensation and water condensation. 
The Sol-Gel process involves the formation of a colloidal suspension (Sol) and 
gelation of the sol to form a network in a continuous liquid phase (Gel) [165, 166]. The 
precursors for synthesizing these colloids consist usually of a metal or metalloid element 
surrounded by various reactive ligands. More finely porous membranes are made by Sol-
Gel techniques, hi the Sol-Gel process slip coating is taken to the colloidal level. 
Generally the substrate to be coated with the Sol-Gel is a microporous ceramic tube 
formed by the slip coating sintering technique. The solution coated onto this support is a 
colloidal or a polymeric gel of an inorganic hydroxide. These solutions are prepared by 
controlling hydrolysis of metal salts or metal alkoxides to hydroxides. 
In the particulate sol method a metal alkoxide dissolved in alcohol is hydrolyzed 
by addition of excess water or acid. The precipitate that results is maintained as a hot 
solution for an extended period during which the precipitate forms a stable colloidal 
solution. This process is called peptization. The colloidal solution is then cooled and 
coated onto the microporous support membrane. The layer formed must be dried 
carefully to avoid cracking the coating. In final step the film is sintered at 500-800 °C. 
Depending on the starting material and the coating procedure, a wide range of 
membranes can be made by the Sol-Gel process. The problem of cracking the films on 
drying and sintering can be alleviated by adding small amounts of a polymeric binder to 
19 
the coating solution. The coating process may also be repeated several times to give a 
defect free film. With care, membranes with pore sizes in the range of 10 to 100 ° A can 
be prepared by this method. At the end of 19 ''^  century, the Sol-Gel process began to be 
used for obtaining organo-inorganic materials via the hydrolytic polycondensation of 
alkoxides of several elements (Si, Ti, Zr, Al, etc) in the solutions of synthetic polymers. 
An advantage of the Sol-Gel process is that the forming reaction by products and 
polymer solvent are easily removed after completion of the transformation of sol into a 
gel by drying the obtained material. As the technological aspect of the process was the 
main emphasis, there are only a few works in which researchers tried to establish a 
relation of structure of the obtained material with features of the reagent composition and 
reaction conditions [167-171]. 
The viscosity of the sol is conditioned by inclusion of a binder and hence, the 
selection of binder plays a dominant role in the fabrication of membranes. Binders are 
used to allow the adjustment of sol viscosity and protect thin layer from cracking during 
Sol-Gel transition at drying stage. The increase in viscosity was accompanied by a 
decrease in the surface tension of the binders. Hence a binder with low surface tension in 
the solution is preferred for good adhesion. There are a large number of potential 
applications of polymer as a binder in membranes for separation, relatively few of them 
have become applied in practice. 
The potential application of a polymer in separation membrane depends upon the 
permeability coefficient of the species that transported more rapidly and whose 
selectivity is as large as possible. In the past 20 years, the permeability and 
permselectivity of membranes has become a subject of strong research with worldwide 
participation in both industrial and academic laboratories. To achieve such control, it is 
necessary to have a good understanding of the relationship between the properties of the 
polymers and their transport properties [172-175]. Increased mechanical strength and 
decreased swelling has been achieved by the cross linking of the polymer chains in the 
membrane. 
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The polymers most commonly used as a binder for the production of membranes are as 
follows: 
> Polystyrene 
> Polystyrene sulfonic acid 
> Polyvinyl chloride 
> Polysulphone 
> Polyamide\polysulphone TFCs 
> Polyvinyl alcohol 
> Polyacrylamide 
> Polyethyleneimine 
> Cellulose acetate 
Polystyrene is a polymer made from the monomer styrene, a liquid hydrocarbon 
that is commercially manufactured from petroleum by the chemical industry. At room 
temperature, Polystyrene is normally a solid thermoplastic and can be melted at higher 
temperature for molding or extrusion, then resolidified. Styrene is an aromatic monomer, 
and polystyrene is an aromatic polymer. Pure solid polystyrene is a colorless, hard plastic 
with limited flexibility. Polystyrene is economical and can be transparent or can be made 
to take on various colors. The chemical makeup of polystyrene is a long chain 
hydrocarbon with every other carbon coimected to phenyl group (an aromatic ring similar 
to benzene). A 3-D model would show that each of the chiral backbone lies at the center 
of a tetrahedron with its four bonds pointed towards the vertices (Figure 1.4 b). 
Charged membranes such as ion exchange, reverse osmosis and electrodialysis 
membranes can be characterized by measuring the membrane potential. By the definition, 
membrane potential is the potential difference that is generated between two solutions of 
the same electrolyte at different concentrations separated by a charged membrane. 
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Figure 1.4 (a). Preparation and molecular structure of polystyrene. 
Figure 1.4 (b). 3 D-Structure of polystyrene with minimized energy. 
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1.3. Theoretical description of the membrane potential: 
The original theory of diffusion through charged membranes with respect to the electric 
potential generation was given by Teorell, Meyer and Sievers (TMS theory) [176, 177]. 
According to TMS theory, the membrane potential can be expressed by the sum 
of the Donnan potential between the membrane surface and the external solutions and the 
diffusion potential in the membrane. TMS theory identifies the fixed charges by defining 
a fictitious fixed charge concentration, i.e. the concentration of fixed charges attached to 
the matrix of the membrane per unit volume. It also assumes that the fixed charge groups 
are homogeneously distributed in the membrane. However, as a result of concentration 
gradient across the membrane, the local concentrations of counter ions at the membrane 
solution interfaces at both sides show variations during the membrane potential 
measurements. It has been also reported in the literature that membranes with non-
uniformly distributed fixed charges can have different ion selectivity compared to 
membranes with uniformly distributed charges [ 178-180]. 
In the TMS theory the following assumptions are made: 
>- The ion concentrations C^ C in the membrane phase differ only in the z-direction 
perpendicular to the membrane, implying that no concentration gradient exists 
parallel to the membrane surfaces. 
> The fixed charges are homogeneously distributed over the membrane phase and 
membrane is considered to be of uniform thickness. 
> The water transport is negligible and no swelling of membrane is taken into 
account. 
> During the diffusion process, the diffusion coefficients for C^ and C are 
independent of their positions in the membrane. 
> Activity coefficients are assumed to be unity. Thus activities can be replaced by 
concentrations (diluted solutions). 
> Electroneutrality is considered to exist in the system. 
The Donnan or boundary potential 
As a consequence of the electroneutrality condition within the membrane, the counter-ion 
concentration within the membrane will always.be larger than the co-ion concentration. 
The difference between co and counter-ion concentration balances the effective fixed 
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charge density (Dx) of the membrane (thus in the membrane C^ -C +D^, =Ofor a 1:1 
salt; note that the charge density D, also bears the sign of the membrane charge, implying 
that Z)x, can also have a negative value). Because at both sides of the membrane the 
electrolyte concentration is different, the ion distributions at both boundaries will be 
adapted. As a consequence the boundary potentials or Donnan potentials at the membrane 
electrolyte interfaces are also different. The Donnan potential developed between the 
membrane and solution 2 as given in Figure (1.5). Note that if Z), has opposite sign, the 
sign of \|/don is also reversed. 
The Diffusion potential 
Ions diffuse in the absence of an external electric field, if there is a difference in the 
chemical potential between different parts of the system. If there are steady fluxes of 
anions and cations through the membrane, the system is not in a state of equilibrium but 
rather in a steady state, characterized by the fact that the total electric current through the 
membrane is zero. As a consequence of the electroneutrality condition, the counter-ion 
concentration within the membrane is always larger than the co-ion concentration. 
Moreover, if there is no net electric transport, the tlux of the cations equals the flux of the 
anions (J+ = .1-). This implies that the diffusion coefficient of the co-ions is increased with 
respect to the diffusion coefficient of the counter-ions. By integrating the Nernst-Planck 
equations [181j Teorell, Meyer and Sievers derived the following relationship for the 
membrane potential (Ay/,„) 1:1 salt system. 
f 
AT„, = 59.2 
C\yl4Cf +D' +D ^AC;+D- +UD 
l o g — + f/.log 
CJ4C';+D- +D ^4C; +D' +UD 
(1.1) 
Wherety = ( ); u and v are the mobilities of the cation and anion (m/V/s) 
u + v 
respectively in the membrane phase. 
The membrane potential (A4^„,) is the sum of the Donnan potentials at the boundaries of 
membrane and diffusion potential (Figure 1.4). 
A y^™ = (A '//,,„„2 - A y/^ „„,) + A i^„„- (1.2) 
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I neg. Charged 
Figure (1.5), Schematic representation of a membrane which separates two solutions 
having electrolyte concentrations Cs2 and Csi The concentration distribution of cations 
C* and anions C is given for the case of fixed negative charges present in the membrane. 
The membrane potential Ay/^ is created by the boundary or Donnan potentials Ai/^j„„2 
and At^ „^„, and the diffusion potential Ai//j^^. Note that the difference in the Donnan 
potentials {ls.y/^„^ -^¥don\) counteracts the diffusion potential A^^ y^^ . 
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1.4. Characterization of Membranes 
Ion-exchange membranes can be characterized by their mechanical stability, electrical 
properties, permselectivity and chemical stability. A microscopic examination yields 
information whether a membrane is homogeneous or heterogeneous in structure or 
reinforced and the type of reinforcement used. 
The electrical charge of an ion-exchange membrane can be determmed 
qualitatively by using indicator solutions. A drop of 0.05% solution of methylene blue 
and methyl orange on a sample stains a yellow on top of an anion-exchange membrane 
and a blue on top of a cation-exchange membrane, respectively. 
(i) Mechanical and Chemical Stability 
The mechanical characterization of ion-exchange membranes includes the determination 
of thickness, swelling, dimensional stability, tensile strength and hydraulic permeability. 
All tests should be carried out with pretreated and well equilibrated membranes. 
Hydraulic permeability measurements provide information on the transport of 
components through a membrane under a hydrostatic pressure driving force. The 
permeability can then be calculated from the volumetric flow rate. The swelling capacity 
of a membrane determines not only its dimensional stability but also affects its 
selectivity, electrical resistance and hydraulic permeability. The swelling of a membrane 
depends on the nature of the polymeric material, the ion-exchange capacity and the cross-
linking density. Usually, the swelling of a membrane is expressed by the weight 
difference between the wet and dry membrane. A sample is equilibrated in deionized 
water. After removing the surface water from the sample, the wet weight of the swollen 
membrane is determined. Then the sample is then dried at elevated temperature until a 
constant weight is obtained. The water uptake is determined as weight percent from the 
weight of the dry and wet sample. 
The economics of electrodialysis and related processes in different applications is 
determined to a large extent by the chemical stability and the life of the ion-exchange 
membranes under process conditions. Membrane deterioration after exposure for certam 
time periods to various test solutions containing acids, bases, or oxidizing agents is 
estimated by visual comparison with new imexposed samples and by determining 
changes in their mechanical and electrical properties. 
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1.4.1. Techniques used for characterization: 
^ Impedance spectroscopy 
> Fourier Transform Infrared Spectroscopy 
y Particle size analysis 
> X-ray powder diffraction 
> Scanning electron microscopy 
(i) Impedance Spectroscopy: 
Impedance Spectroscopy (IS) has been extensively used in various fields such as aqueous 
corrosion, battery testing and in the developments of electrolytes for SOFCs [182]. It is 
an electrochemical technique, where the response is analyzed from electrodes and 
electrolytes upon a small-amplitude alternating voltage, which is varied over a wide 
frequency range. Either one of the electrodes or electrolytes can be the sample. Two or 
four electrodes are used in the setup and the electrolyte can be solid, aqueous or a film 
[183, 184]. Impedance spectroscopy is able to determine a number of parameters related 
to electrochemical kinetics and polarizability, for instance, the polarization resistance of 
corroding electrodes in an aqueous electrolyte, the state of charge for batteries and the 
effect of microstructure on conductivity of solid electrolytes [185]. 
(ii) Fourier Transform Infrared Spectroscopy (FTIR): 
Infi-ared (IR) Spectroscopy is one of the most common spectroscopic techniques used by 
organic and inorganic chemists. Simply, it is the absorption measurement of different IR 
fi-equencies by a sample positioned in the path of an IR beam. The main goal of IR 
spectroscopic analysis is to determine the fiinctional groups in sample. Different 
fimctional groups absorb characteristic frequencies of IR radiation. Using various 
sampling accessories, IR spectrometers can accept a wide range of sample types such as 
gases, liquids and solids. The IR spectroscopy involves collecting absorption information 
and analyzing it in the form of a spectrum. Because each interatomic bond may vibrate in 
several different motions (stretching or bending) and individual bonds may absorb at 
more than one IR fi-equency. Stretching absorptions usually produce stronger peaks than 
bending, however the weaker bending absorptions can be useful in differentiating similar 
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types of bonds (e.g. aromatic substitution). It is also important to note that symmelrical 
vibrations do not cause absorption of IR radiation. The frequencies at which there are 
absorptions of IR radiation ("peaks" or "signals") can be correlated directly to bonds 
within the compound. 
Fourier transform spectrometers have recently replaced dispersive instruments for 
most applications due to their superior speed and sensitivity. In which dried samples were 
ground into powder and mixed with KBr for homogenization. The KBr-Polymer ratio 
was between 1:20 and 1:50. A Nicolet economy sample press was used to obtain 
optically clear pellets. Pellets were analyzed by using transmission FT-IR. Dry air was 
used as the chamber purge stream for all samples. The scaiming resolution set at 1 nm 
with a total of 1024 scans per sample. The FTIR spectra were obtained at room 
temperature over a spectrum frequency range of 400-4000 cm"' [186]. IR bands were 
expressed in terms of frequency (cm'). The backgrovind was obtained against a pure KBr 
pellet. The liquid base product was measured by making a homogenized mixture by 
taking NaCl instead of KBr. Functional groups were present and thus the structure of 
base products and prepared sample could be determined. 
(iii) Particle Size Analysis: 
A novel instrument has been developed and optimized for industrial use. And read> for 
routine measurements in the laboratory. PCCS is a technique allowing for simultaneous 
measurement of precise particle size and stability in the range of about 1 run to some \x.m 
in opaque suspensions and emulsions. The key principle of PCCS is a 3D cross 
correlation. The 3D cross correlation was introduced in 1990 by Schatzel [187] and 
improved in 1996 by Aberle et al [188, 189]. In this set-up two lasers are focused to the 
same sample volume creating two sets of speckle (scattering) patterns. In a special 
scattering geometry, the cross correlation of the scattered light is calculated to allow for 
precise filtering of the single scattered fractions from the scattered intensity. 
Commercially available PCCS instrument based 3D cross-correlation. NANOPHOXTM 
PCCS allows for simultaneous measurement of particles size and stability of opaque 
suspension in the range of 1 nm to about 10 fun. For absolute values the evaluation 
requires only the knowledge of the dynamic viscosity r|. 
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(iv) X-Ray Powder Diffraction'. 
X-Ray powder diffraction (XRD) is one of the most powerful techniques for qualitative 
and quantitative analysis of crystalline compounds. When a material (sample) is 
irradiated with a parallel beam of monochromatic X-rays, the atomic lattice of the sample 
acts as a three dimensional diffraction grating, causing the X-ray beam to be diffracted to 
specific angles. The diffraction pattern, that includes position (angles) and intensity of the 
diffracted beam, provides some information about the sample. The angles are used to 
calculate the interplanar atomic spacings (d-spacing). Hence, every crystalline material 
will display a characteristic diffraction pattern and can act as a unique "fingerprint". An 
X-ray powder pattern is a set of lines or peaks, each of different intensity and position (d-
spacing or Braggs angle (9)), on either a strip of photographic film or on a length of chart 
paper. For a given substance, the line positions are essentially fixed and are characteristic 
of that substance. The intensity may vary somewhat from sample to sample depending on 
the method of sample preparation and the instrumental conditions. Some of the 
applications of X-ray powder diffraction are following: 
> Phase identification: Each crystalline substance has its own characteristic powder 
diffraction pattern, which may be used for its identification. Standard patterns are 
given in the powder diffraction file known as the JCPDS. 
> Determination of accurate unit cell parameters: By the values of the unit cell 
parameters (a, b, c, a, P, y). 
> Solid solution lattice parameters: The lattice parameters of a solid solution series 
often show a small but detectable variation in the composition. This provides a 
usefiil meaning of characterizing solid solutions and in principle, the lattice 
parameters may be used as indicators of the composition [190]. 
> Crystal structure determination: Crystal structure is solved by analyzing the 
intensity of diffracted X-rays beams. 
> Particle size measurement: the average crystal size in a powder sample provided 
the average diameter is less than 200 A. 
> Short-range order in non-crystalline solids: Crystalline solids give diffraction 
patterns that have a number of sharp lines [191-193]. 
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> Crystal defects and disorder: Certain types of defects and disorder that occur in 
crystalline solids may be detected by a variety of diffraction effects. 
> Quantitative analysis: As mentioned earlier, XRD can be used not onl> for 
qualitative identification but also for quantitative estimation of various crystalline 
phases. This is one of the important advantages of the X-ray diffraction technique. 
(v) Scanning Electron Microscopy (SEM): 
The Scanning Electron Microscopy (SEM) was pioneered by Manfred von Ardenne [ 194, 
195] and is a type of electron microscope capable of producing high resolution images of 
a sample surface. The scaiming electron microscope (SEM) uses a focused beam of high-
energy electrons to generate a variety of signals at the surface of solid specimens. The 
types of signals produced by an SEM include secondary electrons, backscattered 
electrons (BSE), characteristic X-rays, light (cathodo luminescence), specimen current 
and transmitted electrons. Secondary electron detectors are common in all SEMs. The 
signals result from the interactions of the electron beam with atoms at or near the surface 
of the sample. In the most common or standard detection mode, secondary electron 
imaging or SEI, SEM can produce very high-resolution images of a sample suriace, 
revealing details about less than 1 to 5 rmi in size. 
For conventional imaging specimens must be electrically conductive, at least at 
the surface and electrically grounded to prevent the accumulation of electrostatic charge 
on the surface. Metals are not generally coated prior to imaging in the SEM because they 
are conductive and provide their own pathway to ground. Conductive materials in current 
use for specimen coating include gold, gold\palladium alloy, platinum, osmium [196], 
iridium, timgsten, chromium and graphite. Two reasons for coating: when sample have 
enough conductivity to prevent charging or to increase the signal and surface resolution, 
especially with samples of low atomic number. 
The samples are glued with conductive glue and sputtered with a thin layei of 
gold. The sputtered layer should be thinner than the structural features of the membrane 
to be studied. Nowadays, low vacuum SEM's, i.e called environmental SEM (ESEM) are 
available which makes it possible to scan at samples without a conductive coating 
operated at low voltage. The resolution is not as high as for coated samples and the 
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magnifications of 7500 X. Figures (1.5) showing typical pictures of membrane structures 
that obtained by SEM techniques. Due to the very narrow electron beam, SEM 
micrographs have a large depth of field yielding a characteristic three-dimensional 
appearance useful for understanding the surface structure of a sample and can be 
measured by different methods such as: 
> photogrammetry (2 or 3 images from tilted specimen) 
> photometric stereo (use of 4 images from BSE detector) 
> Inverse reconstruction using electron-material interactive models [197]. 
The combination of higher magnification, larger depth of focus, greater 
resolution and ease of sample observation makes the SEM one of the most widely used 
instruments in research areas today [198-203]. 
The following information can be obtained from SEM 
> Topography: The surface features of an object or "how it looks", its texture; 
detected features limited to a few nanometers. 
> Morphology: The shape, size and arrangement of the particles making up the 
object i:e lying on the surface of sample or have been exposed by grinding or 
chemical etching: detectable features are limited to a few nanometers. 
> Composition: The elements and compounds, the sample is composed of and their 
relative ratios, in areas ~ 1.0 |J.m in diameter 
> Crystallographic Information: The arrangement of atom in the specimen and their 
degree of order; only useful on single-crystal particles > 20 |im. 
> Fracture characterization 
> Surface contamination 
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Figure (1.5). Scanning electron micrographs of the cross-sections of symmetric and 
asymmetric membranes showing a typical, a) symmetric structure b) asymmetric "finger" 
structure, c) asymmetric "sponge" structure with graded pore size distribution and d) 
asymmetric "skin-tj^e" structure with an uniform pore size distribution in the 
substructure. 
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Applications of Membranes 
Synthetic membranes are widely used today in many technically and commercially 
relevant separation processes including sea and brackish water desalination, purification, 
bio products and food stuff along with the separation of gases and vapors. They are also 
key components in energy conversion and storage systems, in artificial organs and drug 
delivery devices. By the beginning of the 20''' century the first man made membrane with 
controlled pore size became available and around the middle of this century membrane 
evolved to become a major tool in water desalination and purification, stimulated by the 
increasing needs of adequate quality of water for domestic and industrial use. But it is not 
only an important application of membranes, it also has stimulated the development of 
other membrane processes such as micro and ultra filtration and especially hemodialysis 
which have equal or higher commercial relevance today. Recently, processes such as gas 
separation, pervaporation and membranes in medical devices or energy storage and 
conversion systems are becoming more and more important. 
Membranes and its processes are used in four main areas: 
a) in the separation of molecular and particulate mixtures 
b) in the controlled release of active agents 
c) in membrane reactors and artificial organs and 
d) in energy storage and conversion systems. 
In these applications a large variety of processes, membrane structures and membrane 
materials are used. The technically and commercially most relevant processes are 
pressure driven processes, such as reverse osmosis, ultra and micro filtration or gas 
separation, concentration-gradient driven processes such as dialysis, partial pressure 
driven processes such as pervaporation and electrical-potential-driven processes such as 
electrolysis and electrodialysis. The function of a membrane in a separation process is 
determined by its transport properties for different components in a mixture. Membrane 
technology has many advantages. For example, separation process does not need any 
additives, proceeds with low temperatures and uses a small amount of energy [204]. 
Membranes also represent the environmental friendly branch of separation technology 
because of its non toxic composition. 
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1.5.1. Water treatment: 
Keeping with past and current trends, the largest market for membrane will continue to 
be in water treatment. Water treatment can be classified into several categories: 
(i) Desalination of brackish or seawater: 
Approximately one-half of the reverse osmosis systems currently installed are 
desalinating brackish or seawater [205]. Brackish water has a saU content higher than 
fresh water but lower than sea water. Technically brackish water contains between 0.5 
and 30 grams of salt per liter or 0.5 to 30 parts per thousand, the comparative costs of the 
major desalination technologies are as a function of salt concentration. Ion exchange, 
electrodialysis and multi-effect evaporation are other competing methods available for 
desalination. However the usage of these three methods depends on the level of salt 
concentration. The World Health Organization (WHO) recommendation for potable 
water salt concentration is 500 mg/1. Hence often 90% of salt in brackish water have to be 
removed. A cellulose acetate membrane easily achieves this requirement and was one of 
the first applications of reverse osmosis. Seawater has a salt concentration of 3.2-4.0% 
and membranes with higher salt rejections are desired. Cellulose acetate membranes 
achieve a salt rejection of 97-99% which was slightly below the desired level. Polyamide 
hollow fine fibers and interfacial composites were then developed to meet the desired 
requirement. However, raw seawater requires considerable pretreatment before it can be 
desalinated. 
(ii) Ultrapure water: 
Semiconductor and electronics industries need an assured supply of high quality w ater 
for washing integrated circuit chips and other devices. Pharmaceuticals and 
biotechnology need pure water for tissue culture media, bacteriological media, buffer 
solutions, analytical solvents, formulation aids, drug and intravenous solutions, standards 
and reagents and rinsing of equipment. 
(iii) Waste water treatment: 
Waste water treatment is one of the most important application areas of membranes. 
Industrial UF was initially developed for the treatment of waste waters and sewage to 
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remove particulate and macromolecular materials. Its applicability has now widened 
considerably to include such diverse fields as water treatment, chemicals processing, food 
processing and biotechnology. Conventional wastewater treatment may include chemical 
addition (aluminum sulfate, polymers and lime), coagulation, flocculation, sedimentation, 
filtration and disinfection, usually with chlorine. Unfortimately, if chlorine-sensitive RO 
or NF is carried out subsequently, chlorine must be removed. Additional regulations may 
require the removal of trihalomethanes (THM) and synthetic organic chemicals. MF and 
UP are especially beneficial in removing microorganisms that may constitute a health 
hazard. One potential problem is bio film growth on the permeate side of the membrane. 
This can be treated with strong doses of disinfectant (chlorine) m back flushable 
membrane systems (hollow fibers, ceramics). UP membranes may be better than MF 
membranes in the long run since they can remove viruses more effectively [206]. The life 
span of these membranes is usually aroimd five years. Excessive hardness may require 
water softening, which can also be done by NF [207, 208]. Thus, pretreatment is costly 
and covers one-third of the operating cost but is necessary to achieve a long reverse 
osmosis membrane Hfe [209]. 
1.5.2. Biomedical applications: 
Synthetic membranes are very popular in the medical field. There are too many examples 
of the applications of membranes in this field. As only three such areas will be briefly 
described: (i) hemodialysis (the artificial kidney), (ii) blood oxygenators (the artificial 
heart/lung) and (iii) and controlled release pharmaceuticals. 
(i) Hemodialysis: 
Hemodialysis is essential for those whose kidney has failed and are no longer able to 
regulate the body's waste disposal. When the ability of the kidney to remove harmful 
wastes fails, blood pressure may rise and the body may retain excess fluid and not make 
enough red blood cells. Dialysis serves to replace some of the functions of the kidney and 
it can eliminate waste products and restore electrolyte and pH levels. Blood from the 
patient is pumped through a semipermeable dialysis membrane which is immersed in a 
bath of saline which has a similar salt, potassium and calcium concentration with that of 
the blood. As such urea and other low molecular weight metabolites diffiise across the 
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membrane to the dialysate down a concentration gradient. Larger components in the 
blood such as proteins or blood cells are prevented from diffusing. The dialysis 
membrane went through phases of different module design. 
The hollow fiber systems are the most dominating in the market and the price for 
these dialyzers are relatively low since they are made in bulk. An attractive feature of this 
design is that only 60-100 ml of blood is required to fill the dialyzer and can be easily 
reused. Cellulose membrane efficiently removes major metabolites like urea and 
creatinine fi-om the blood but metabolites with molecular weights higher than 1000 are 
removed less efficiently. Hence there was a need to find an alternative material. Synthetic 
polymers have begun to replace cellulose since they tend to stimulate the function of 
normal kidney more closely. These materials include substituted cellulose derivatives, 
polyacrylonitrile, polysulfone, polycarbonate, polyamide and poly (methyl methacrylate). 
These synthetic fiber membranes are microporous with a finely microporous skin layer 
on the inner, blood-contacting surface of the fiber. The hydraulic permeability of these 
fibers is up to ten times that of cellulose membranes. 
(ii) Blood oxygenators'. 
Blood oxygenators are used dxiring surgery when the patient's lungs cannot function 
normally. Pioneering work on these devices was carried out in 1930s. This mechanical 
device has been developed to mimic the function of the heart and lungs, which enable 
surgical operations to be done on the heart and great vessels. In the human lung, the total 
exchange membrane area between the blood capillaries and the air drawn in and out is 
about 80 m .^ The human lung membrane is estimated to be about 1 )am thick and the total 
exchange capacity of the lung is far larger than is normally required. This allows people 
with impaired lung capacity to lead relatively normal lives. The first membrane 
oxygenators used silicone rubber membranes, but now microporous polyolefin fibers are 
used. To maintain good mass transfer with minimal pressure drop through the device. 
blood is generally circulated on the outside of the fibers. However when used for several 
hours, this technique does more harm than good. Thrombocytophehia, coagulopathy, 
hemolysis, generalize edema and deterioration of organ function occurs. 
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(Hi) Controlled Drug Delivery 
In controlled drug delivery systems a membrane is used to moderate the rate of delivery 
of drug to the body. In some devices the membrane controls permeation of the drug from 
a reservoir to achieve the required drug delivery rate. Other devices use the osmotic 
pressure produced by diffusion of water across a membrane to power miniature pumps. In 
yet other devices the drug is impregnated into the membrane material, which then slowly 
dissolves or degrades in the body. Drug delivery is then controlled by a combination of 
diffusion and biodegradation. The objective of all of these devices is to deliver a drug to 
the body at a rate predetermined by the design of the device and independent of the 
changing environment of the body. In conventional medications, only the total mass of 
drug delivered to a patient is controlled. 
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CHAPTER -2 
SyntHesis, Cfiaracterization and^fectricaCproperties of 
lUanium moCySdate Composite membranes 
m ffi 
2.1 Introduction 
In recent years, many promising polymers and their composites membrane with strong 
acid functionality such as polyarylene ether sulfone [1,2] and sulfonated poly (ether, ether 
ketone) (SPEEK) [3-6] have been widely studied and showed excellent stabilities and 
electrochemical properties. However, these membranes require a high pressure 
humidification system in order to keep liquid water in the polymer matrix [7]. The 
precipitated membranes are of possible interest in analytical chemistry for two reasons: 
they may be useful as direct measurement of ion concentration or activity and for 
titrations involving precipitation reactions, and they may provide information about the 
surface electrical characteristics of the precipitates, thereby contributing fundamental 
knowledge concerning precipitation processes. In subsequent work [8], it was shown that 
selection of suitable membrane characteristics for specific processes will allow higher 
efficiency and improvements in the process. Considerable research had been conducted in 
the preparation theory and application of electrodes consisting of membranes of collodion 
and similar materials as described by Teorell and others [9]. 
Precipitated ion-exchange membranes are well known as they are successfully 
used for the determination of several anions and cations. To monitor different type of 
metals in a large number of environmental samples, potentiometric detectors based on 
ion-exchange membrane are suited because they offer some advantages such as high 
selectivity, sensitivity, fast response, good precision, simplicity and low cost [10, 11]. 
These methods make possible direct monitoring of activities of selected species without 
pretreatment. 
Various attempts have been made to calculate the membrane potentials and 
charge density by using the idealized theory of Teorell, Meyer and Sievers (TMS) 
[12,13]. TMS developed a theory for membranes with charges fixed within the lattice. In 
this chapter the different phenomenon occuring across the composite ion exchange 
membranes of titanium molybdate and polystyrene prepared by the Sol-Gel process are 
described. Sol-Gel derived composite materials have found numerous applications in the 
areas of chemistry, biochemistry, engineering and material science [14]. Filtration 
utilizes a number of mechanisms to retain salts and inorganic contaminants, which are not 
widely understood in real groundwaters. One of the prevailing mechanisms (and only 
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established non-sieving mechanism) is the Donnan equilibrium, created by charge 
interactions between the charged membrane surface and covmter and co-ions present in 
solution [15-18]. The Donnan potential is impacted by surface charge and chemistry 
(membrane specific), feed water composition (including pH, electrolyte concentrations, 
and ionic strength), as well as flux and hydrodynamic conditions [19]. The membrane 
charge density depends on ionic strength and concentration, and can be partially 
attributed to ion adsorption on the membrane surface [20]. 
2.2. Experimental: 
2.2.1. Synthesis ofTtitanium molybdate-Polystyrene Composite membranes 
Material and Solutions 
Pure crystalline polystyrene (Otto Kemi, India, Analytical reagent) used as a binder 
(grounded and sieved through 200 mesh), 0.2 M trisodium molybdate solution (E. Merck. 
India with a purity of 99.90%), 0.2 M titanium chloride (TiCls) solution (Otto Kemi, 
India, Analytical reagent) and different electrolyte solution (KCl, NaCl and LiCl) of 
various concentrations were also prepared. 
Synthesis of Titanium molybdate 
Titanium molybdate was prepared by the Sol-Gel process by mixing 0.2 M aqueous 
solution of trisodium molybdate with 0.2 M titanium chloride solution made by constant 
stirring at 90 °C for 1 h. The obtained precipitate was washed several times with 
deionized water and dried at 100 °C for 4 h. 
The composite membranes were prepared by the method suggested by Beg et al 
[21,22]. In which different proportions of polystyrene and titanium molybdate precipitate 
was mixed thoroughly with a mortar and pestle. The mixture was then kept in a cast die 
with a diameter of 2.45 cm and placed in an oven (Oven-Universal, Memmert type, 
Mumbai, India) maintained at 200 °C for about half an hour to equilibrate the reaction 
mixture, then die transferred to a pressure device (SL-89, hydraulic press machine, Kent, 
UK), and various pressures, such as 50, 60, 70 and 80 MPa were applied, as a result. 
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membranes with approximate thicknesses of 0.090, 0.085, 0.080 and 0.075cm, 
respectively, were obtained. The effort was to get membranes with adequate chemical, 
thermal and mechanical stability. The membranes that we prepared by embeddmg 25% 
polystyrene were most suitable for our purposes; larger amounts (>25%) and lesser 
amounts (20%) of polystyrene did not give reproducible results and appeared to produce 
unstable membranes. The total amount of the mixture, thus, used for the preparation of 
the membrane contained 0.125 g of polystyrene and 0.375 g of titanium molybdate. 
Membranes prepared in this way were quite stable and did not show any dispersion in 
water or in electrolyte solutions. 
2.2.2. Characterization 
The X-ray diffaction analysis was done with a Rigaku D/max 2400 powder 
diffractometer using Cu Ka radiation (Figure 2.2). The IR spectra for samples were 
recorded in the range 400-4000 cm"' at room temperature as shown in Figure 2.3, pure 
polystyrene (A), titanium molybdate (B) and composite material (C). The size ot the 
particle was analyzed by using laser diffraction, for which sample had been mixed with 
water by Ultrasonic. The suspended particle had been measured by laser (Figure 2.4). The 
membranes were subjected to microscopic and electrochemical examinations for cracks 
and homogeneity of the surface and only those that had smooth surfaces and generated 
reproducible potentials were assured by the careful control of the conditions of 
fabrication. The Scanning electron microscopy (SEM) was used to observe the surface 
morphology, microstructures, distribution of particles and pore size of dried membranes 
(Figure 2.5). 
Water uptake and Swelling 
Membranes were first immersed in deionized water for 2 h. Then membrane was weighed 
quickly after removing the water molecules attached on the surface. The water uptake of 
composite membrane was determined by measuring the change in the weight after 
hydration. The percentage of water uptake was calculated by the following equation: 
Water uptake (%,) = ((Wwet - Wdry)/ Wdry)x 100 
(Wdry) weight of the dried membrane; Wwet weight of the wet membrane. 
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And the surface swelling was determined by measuring the change in membrane 
geometrical area upon membranes equilibrating in water at room temperature for 2 h. The 
swelling ratio was calculated by the following equation: 
Swelling (%) = ((Awet- Ad^ )/A<iry)x 100 
Where Adry and Awet are the area of dried and wet samples respectively. 
Chemical Stability 
Chemical stability was evaluated on the basis of ASTM D543-95 method. Membrane was 
exposed to several media commonly utilized. Membrane was evaluated after 24, 48 and 
168 hours, analyzing alteration in color, texture, brightness, decomposition, splits, holes, 
bubbles, curving and stickiness. 
EjfectofpH 
The series of solutions of varying pH in the range of 2-11 was prepared, by keeping the 
concentration of the relevant ion constant (1 x 10"^  molL"'). The value of membrane 
potential at each pH was recorded and plot of potential vs pH was plotted. 
2.2.3. Determination of Membrane Potential 
Membranes in their various cationic forms were obtained by dipping them in 2M solution 
of a particular electrolyte for 48 h to ensure complete exchange. After drying for 24 h the 
membrane was placed between two collared shaped glass tubes each having a hole for 
introducing the electrolyte solutions stirred by means of a magnetic stirrer. The 
membrane potentials were determined with the help of potentiometer of reference 
electrodes (SCE) kept dipped in two solutions. The Electrochemical cell of the following 
type used to measure electrical potentials arising across the membrane as showing in 
following Figure 2.1, by maintaining a tenfold difference in concentration (C2/C1 = 10) at 
25°C(±0.1 °C). 
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Figure (2.1). Electrochemical cell having solution of different concentration (Ci and C2) 
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2.3. Result and Discussion: 
The X-ray diffraction pattern of composite material was recorded in a powdered material 
by diffractometer which revealed that the composite material exhibited some sharp peaks 
in the spectrum (Figure 2.2). The XRD patterns of composite crystal show a sharp peaks 
at 43.78° and 54.67° belong to TiMo04. shows its semi-crystalline nature. And different 
parameters calculated from Figure (2.2) are given in Table (2.1). 
The IR spectra (Figure 2.3) were performed to a certain composition and the 
spectra showed possible addition sites of the titanium molybdate and pure polystyrene, 
polystyrene supported composite membrane is depicted in Figurer (2.3 C) which reveals 
the shifting of the u(O-Ti-O) stretching mode to 483 cm"' and a slight increase in the 
stretching mode of terminal T=0 to 1641 cm"' which may be because of the resonance as 
well as electronic effect possible in the titanium ion and the interaction with the polymer 
matrix as shown in Figure 2.3 C. The peaks at 2852 cm"' and 2917 cm"' support the C-H 
bond frequency due to styrene moiety in the material. The peaks in the range 675 cm"'-
757 cm'' show the presence of aromatic ring in composite material (Figure 2.3 A & C). 
The spectra contained weak to strong intensity peaks assigned to various functional 
groups in the material synthesized as shown in Figure (2.3 B). 
The particle size was analyzed by using laser diffraction, for which the sample 
was mixed with distilled water using Ultrasonic. The suspended particle had been 
measured by laser. The average particle size comes out lo be 2203.47 nm as shown in 
Figure (2.4). The reason for such a small value is the preparation mode by Sol-Gel 
method which gives uniform and smaller particle size. 
The surface morphology of the dried membranes was investigated by using SEM 
micrographs. Figure (2.5 A) shows SEM image for the membrane prepared at 70 MPa 
having a width 13 nm and magnification 1.00 KX and cross sectional thickness was 
estimated to be around 10 i^ m and magnification of 1.00 KX as observed in Figure (2.5 
B). The pore diameters of the membrane are very small [23] and distribution of titanium 
molybdate and polystyrene particles is relatively uniform in the matrix; so the membranes 
are compact with low degree of porosity, suggesting that the synthesized membranes are 
homogeneous in nature and hence form a dense membrane. 
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Figure (2.2) XRD pattern of polystyrene based titanium moiybdate composite material. 
Sample 
Formula 
Molecular weight (g mol"') 
Melting Point (•€) 
Crystal system 
Method 
Cell parameters 
26 min-max 
Lattice Type 
Titiiriiimi Moiv hdatf 
TiMo04 
207.805 
800 
Hexagonal 
Powder 
a= 4.9168 ; b= 4.9168 
a=90.0000; p= 103.2028; 
20.00 - 80.00 
P 
; c= 5.4089 
Y= 120.00000 
Table (2.1) The XRD parameters of the dried titanium moiybdate powder prepared. 
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Figure (2.3) IR spectra of polystyrene (A), titanium molybdate (B) and composite 
material(C). 
6.0 
5.5 
5.0 
4.5 
^ 4 . 0 
1 3 . 5 1 
3 -
•£ 3.0 -
I 2.0 
° 1 . 5 
1.0 
0.5 -
ili|i |i |i | < I I I I l>MI<l>|i|i| 1 I I I I |i|>l>l>li|i| 1 I I I ' | i | i | ' | i | ' l ' | 1 I I I i | i | i | i | i | ' t i 
0 .0El i l i l i | 
0.5 1.0 
i i i i^i i i iMifc^ ' I I' 
50 100 500 1000 5000 10000 
partidesize/nm 
Figure (2.4) The graph showing particle size analysis. 
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-F--X! 
I 
UD= 13 ram 
Photo No.=7494 
Mag= 1,00 K X 
Detector= SEl 
(A) 
5k^»>Sw2 
Photo No.=7494 Detectors SEI 
(B) 
Figure (2.5 A) SEM images of polystx iciic-based composite membrane prepared at 70 
MPa where (B) shows cross-sectional area of membrane. 
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The chemical stability of titanium molybdate membranes was determined by 
0.5 M HNO3 and KMn04 solutions. The high thermal stability, chemical stability and the 
specificity for cations are the unique features of these composite membranes. The 
physicochemical characterizational parameters of titanium molybdate composite 
membranes prepared at different pressures are given in Table (2.2). 
Membrane potential had been regarded for a long time as a measure of the 
membrane selectivity. The measurement of ion activity by means of membrane potential 
is more successful in the concentration range over which the membrane behaves as an 
ideally selective and hence obeys the Nernst equation. The membrane under 
consideration seems to be truly selective and specific for K^  as shown in Table (2.3). The 
effects of other cations were also investigated by observing the membrane potentials in 
contact with solutions of NaCi and LiCl (Table 2.3) and it was observed that the nature 
and charge of anion present did not substantially influence the potentiometric response of 
the membrane. Another factor worth considering is the small additional charge developed 
on the membrane matrix due to the n electrons of the organic binder (polystyrene). This 
was verified by preparing membranes containing varying amount of the binder and 
studying their electrochemical performance. The membrane containing less than 15% 
polystyrene were mechanically unstable and similar situation was encountered in the case 
of membranes containing more than 25% polystyrene; it is due to the separation of 
exchanger particles by the polystyrene. On the other hand, if the membrane carries some 
charge, the magnitude of the potential is usually determined by the concentration of the 
electrolyte solution surrounding the membrane and its sign by the nature of the fixed 
charge on the membranes. 
Teorell, Meyer and Sievers [24] determined the fixed charges in the lattice. In the 
TMS method there is an equilibrium process at each solution membrane interface which 
had a formal analogy with the Donnan equilibrium. With this, there is an internal salt 
diffusion potential, which was first represented by the Henderson equation and later by 
the Planck expression. 
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Pressure 
applied 
(MPa) 
50 
60 
70 
80 
Thickness of 
membrane 
(em) 
0.090 
0.085 
0.080 
0.075 
\V ater content 
%\veight of wet 
membrane 
0.0476 
0.0361 
0.0240 
0.0123 
as 
Porosit\ 
0.0047 
0.0045 
0.0035 
0.0016 
Swellinu ( " ) 
weight of wet 
membrane 
no swelling 
no swelling 
no swelling 
no swelling 
Table (2.2) The Physico-chemical characterization of titanium molybdate composite 
membranes prepared at different pressures. 
( oncentration. 
C2(mol/l) 
1.0 
0.50 
0.10 
0.05 
0.01 
0.001 
KCl 
11.0 
15.2 
22.4 
32.5 
42.6 
50.0 
50 
NaC! 
12.0 
16.5 
23.4 
33.3 
43.0 
50.5 
LICl 
12.5 
17.0 
24.0 
34.0 
43.5 
51.0 
60 
KCl 
12.6 
17.2 
24.8 
34.5 
44.0 
51.5 
\pplic( 
NaCl 
13.0 
18.0 
25.2 
35.5 
45.2 
52.0 
1 pressure (MPa) 
LiCI 
13.5 
18.5 
26.6 
36.0 
46.0 
52.8 
70 
KCl NaCI 
14.2 15.0 
19.1 19.5 
27.0 27.5 
37.1 37.6 
46.5 47.5 
53.5 54.0 
LiCI 
15.2 
20.0 
28.0 
38.3 
48.0 
54.3 
80 
KCl 
16.5 
21.2 
29.4 
39.0 
49.0 
55.5 
NaCI LiCI 
17.3 18.8 
22.2 23.1 
30.8 31.9 
40.0 41.5 
50.5 52.0 
56.0 56.5 
Table (23) Observed values AT„ (± 0.5 mV) across the composite membranes in 
contact with 1:1 electrolyte solutions at different concentrations. 
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The validity of the TMS method in this particular case is more in higher concentration 
range. In low concentration range the divergence between the observed and calculated 
potential values of composite membranes are quite high. According to TMS theory, the 
membrane potential (A^„,) in mV, applicable to a highly idealized system, is given by 
the equation (2.1) at 25 °C. 
A^„, = 59.2 
V 
CJAC- +D- +D J4C;+D- +UD 
log '". ' + Ulog^^j== 
C, ^4Cl +D' +D ^4C{ +D' + UD 
(2.1) 
where U = ( ); u and v are the mobilities of the cation and anion (m/V/s) 
u + v 
respectively in the membrane phase. C] and G are concentrations of the electrolyte 
solutions on either side of the membrane and D is the charge on the membrane expressed 
in eq/1. Here the ratio C2/C1 being kept at a constant value of 10 for different mobility 
ratios u/v and is plotted in the graph by smooth curves (Figure 2.6). 
To evaluate this parameter for the simple case of a 1:1 electrolyte and membranes 
carrying a net negative charge of D<\ , theoretical potentials calculated across the 
membrane were plotted as a function of -log CT. The coinciding curves for all the 
membranes gave the values of the charge density (Dj within the membrane phase 
(experimental values). Inorganic precipitate membrane was found to have the ability to 
generate potentials, when interposed between electrolyte solutions of different 
concentrations due to the presence of a net charge on the membrane. Such charges play 
an important role in the sorption and transport of simple electrolytes in artificial as well 
as natural membranes. The quantity of charge required to generate the potentials, 
especially when dilute solution are used, is small. This of course, is dependent on the 
porosity of the membrane. In case the membrane pores are wide, any amount of charge 
on the membrane does little to generate good potentials. On the other hand, if the pores 
are narrow, a little amount of charge can give rise to satisfactory potential values. The 
observed membrane potential for these titanium molybdate membranes in contact with 
various electrolyte solutions at 25 ± 1 °C are given in Table (2.3). 
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_, p 
1.5 2.0 
-logCimol/l) 
Figure (2.6) Plots of membranes potential vs -log C2 for composite membranes prepared 
at different pressures 50-80 MPa. Smooth curves are the theoretical concentration 
potentials for D =1 at different mobility ratio. Broken lines are the experimental values of 
A^„ for different concentration of KCl solution. 
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Also, the membrane potential values were found to increase with increasing 
pressure [25], this may be attributed to increasing the speed of ion in the pore, as the size 
of pores decreases with applying pressure and the membrane potential increases. As seen, 
the magnitude of the Nernst potential is determined by the ratio of the concentrations of 
that specific ion on the two sides of the membrane. The greater the ratio greater is the 
tendency for that ion to diffuse in one direction and therefore greater the Nernst potential 
required to prevent the diffusion. Since the ionic atmosphere of fixed charge is negligible 
at high concentration, CT ions can pass through the pores easily. On the other hand, the 
hydrated size of Li^  ion is large as compared with K^  ion; therefore the passage of the 
formal ion is relatively hard especially at high concentrations, A'-F,,, ,^ (mV) values for 
LiCI are larger than those for KCI or NaCI (Table 2.3). 
The values of membrane potential (Table 2.3) obtained in the order Li^  > Na^ > 
K^  and increases with dilution and the reason for this, is that, as the concentration 
increases the average distance between cation and anion decreases, so that there is more 
inter-ionic interaction. The membrane potential was also seen to be largely dependent on 
the pressure applied during the membrane formation. On applying the higher pressure at 
titanium molybdate composite membranes were caused to decrease in thickness, 
reduction in pore volume and consequently offered a progressively higher fixed charge 
density (£>). The experimental values of the D obtained for various membrane electrolyte 
systems are given in Table (2.4) and shown in Figure (2.7). The surface charge densities 
{Dj of composite ion exchange membranes are found to depend on applied pressure. The 
values of £) (Table 2.4) obtained also depend on whether the membrane is separated by 
diluted or concentrated solutions. Thus, the charge density is not a constant quantity (as 
assumed by earlier workers) but depends on the concentration of the solution separating 
the membrane. This is the reason that the experimental membrane potential curve is not 
uniform (Figure 2.6), but consists of curves, each corresponding to a particular value of 
fixed charge density (D) of the membrane, a similar behavior had been reported by 
Lakshminarayanaiah. 
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50 55 60 65 70 
Applied Pressure (MPa) 
Figure (2.7) The plot of surface charge density (D) of polystyrene based titanium 
molybdate membrane for 1:1 electrolytes (KCl, NaCI and LiCl) Vs Pressures. 
Applied 
prt'«sure(MPa) 
50 
60 
70 
80 
KCl D xlO' 
1.24 
1.29 
1.36 
1.44 
FlfctrolMe 
NaCl D xlO ' 
l . l l 
1.21 
1.31 
1.38 
LiCI D x lO' 
0.90 
1.10 
1.20 
1.30 
Table (2.4) Derived values of membrane charge density I> ± 0.1 xlO'^ eq/1 for various 
composite membranes electrolyte systems using TMS equation. 
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The increase in the values of D with higher applied pressure (80 MPa) may be due 
to increase in charge per unit volume of the membrane [26] and the charge densities for 
the electrolytes used are found to be in the order of KCl > NaCl > LiCl. The experimental 
Ay/,„ values for composite membranes with KCl electrolyte were plotted on the same 
graph as a function of-log Cj- The magnitude of the membrane potential also depends on 
several other factors, like the ratio of counter ion to co-ion mobility, concentration of salt 
solution and the exchange characteristics of the membrane material for various cations. 
However, it had often been assumed that cation and anion interact to form an ion-
pair. The values of the membrane potential are of the order of positive mV and decrease 
with an increase of external electrolyte concentration. This shows that the membrane is 
negatively charged (cation selective) [27,28] and selectivity of the cation increases with 
dilution. TMS method gave satisfactory results for fixed charge density evaluation. In 
addition to the equation (2.1), Teorell, Meyer and Sievers further extended their theory 
and derived another equation for membrane potential considering the total potential as the 
Donnan potential ( A4^  ,„„ ) between the membrane surfaces and the external solutions and 
as the diffusion potential ( A ^ ) within the membrane [29,30]. 
"ill 
A4^„,. -AT ,„„+AT, , , (2.2) 
Where, 
AH>. , „= -^ ln Jon 
VJ 
(2.3) 
R, F and T have their usual meanings, x±a'id y± are the mean Ionic activity coefficients; 
Ci + and C2+ are the cation concentrations on the two sides of charge membrane. 
C = V.D 
2K k J 2F. 
(2.4) 
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Where Fk and Fx refer the valencies of cation and fixed charge group on the membrane 
matrix, q is the charge effectiveness of the membrane and is defined by the equation 
(2.5). 
? = . (2.5) 
Where K± is the distribution coefficient expressed as, 
^ , = ^ C , = C , - D (2.6) 
Where C is the i*^  ion concentration in the membrane phase and Q is the i* ion 
concentration of the external solution. The diffusion potential, A !Pdiff was expressed in 
the form, 
A W , _ ^ Z ^ . | n 
• diff V^FtJ + l 
(2.7) 
Here cr = u/v is the mobility ratio of the cation to anion in the membrane phase. The 
total membrane l^'Pm,e potential was thus obtained by simple addition of equations (2.3) 
and (2.7). 
y C C 
F C, 
t^ u 
t V 
RTm-l 
V,^Fm + l 
xln 
{m + l)C,,+{y^iV,)D (2.8) 
(2.9) 
(2.10) 
Equations (2.9) and (2.10) were used to get the values of transport numbers /+ and t. from 
the experimental membrane potential data and consequently the mobility ratio {riJ = y ) 
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Tl-4T=C.\i 
within the membrane phase. The values of rn of electrolytes in the membrane phase were 
found to be higher at lower concentration of all electrolytes (KCl, NaCl and LiCl). Figure 
(2.6) shows that the dependence of AT^ ^  on the external salt concentration and different 
for all combinations of membranes and electrolytes studied here. In order to test the 
applicability of these theoretical equations for the system under investigation the Donnan 
potential and diffusion potential were separately calculated from membrane potential 
measurement using a typical membrane prepared at 50 MPa pressure. 
At higher potential, more rejection of the ions occurred [31], as a result more ions 
were accumulated on membrane walls. This leads to higher osmotic effect and 
subsequently lower permeates flux. Further increase in concentration of electrolytes led 
to a sharp drop in the values of w as given in Figure (2.8). The higher mobility is 
attributed to a higher transport number of comparatively free cations of electrolytes 
(Figure 2.9) and also follows similar trends in least concentrated solution. As the 
concentration of the electrolytes increased, values of the distribution coefficient 
decreased, thereafter a stable drift was observed as shown in Figure (2.10). All the data 
studied here fall approximately on a curve which deviates systematically from the straight 
line of slope in a dilute salt solution. As discussed the degree of xmbounded counter ions 
was slightly dependent upon the external salt concentration. 
pH response 
The potentials of the membranes were determined over a pH range of 1-11 for KCl 
solutions (Figure 2.11) by keeping the concentration of the relevant ion constant 
(1x10^^ molL^') pH was adjusted by drop wise addition of HNO3 or NaOH 0.1 M 
solution and the potential of the membranes were measured at each pH value. It is clear 
from the Figure (2.11) that the potential remains constant in the pH range of 3-7 which 
can be taken as the working pH range of these composite membranes. Above pH 8 the 
potential starts decreasing sharply, which may be due to the formation of hydroxide. At 
lower pH, the potential increases indicating that the membrane sensor responds to 
hydrogen ion. 
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 
-logC^tmol/l) 
Figure (2.8) Plots of mobility ratio against -log C2 for Composite membrane using 1:1 
electrolytes. 
-logC,(mol/l) 
Figure (2.9) Plots of /+ (transprot number) of various electrolytes. 
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0.5 1.0 1.5 2.0 2.5 
-logC,(mol/l) 
T-
3.0 
Figure (2.10) Plots of distribution coefficients against -log Ci for composite membranes 
using various 1:1 electrolytes. 
PH 
Figure (2.11) The effect of pH on the potential response of the membrane using different 
KCl solutions (1x10"^ molL"') 
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2.4. Conclusion 
The titanium molybdate composite membranes with different apphed pressures were 
prepared by applying the theoretical approach. Based on the results of the experiment, 
following conclusions are drawn: The characterization structural details of the membrane 
showed great properties in terms of effective pore radius, effective charge density and 
ratio of the membrane thickness to the membrane porosity. The increase of electrolytes 
concentration tends to exhibit larger membrane potential. Membranes prepared at high 
pressure (80 MPa) carries higher charge density. The titanium molybdate composite 
membranes work well in the pH range 2.0-7.0. And the electrochemical properties of 
these membranes clearly indicate that thess membranes are cation selective. 
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m M 
CHAPTER - 3 
Synthesis, Cfuuracterization and^(ectricaCproperties of 
(poCystyrene-CoSalt mofySdate Composite memSranes 
^ \f\ 
3.1. Introduction 
The membrane filtration process has two interesting features: a fractionation capacity for 
different organic components in aqueous solutions and potential of realizing the Donnan 
effect with respect to the anions of different valences. Many separation problems are 
being solved economically by membrane filtration alone or in combination with other 
separation processes. An alternative approach is to dope membranes with inorganic 
dopant [1-3]. This approach improved the mechanical properties and ion conductivity and 
reduces the dependence of later on ambient humidity [4-6]. This primarily effect creates 
the alteration of the walls of transport pores and channels by specific interactions at the 
organic-inorganic interface [7]. The sol-gel technique is an extremely flexible method to 
produce inorganic materials with highly homogeneous and controlled morphology. 
Recently, due to the mild reaction conditions that can be used, the great potential of sol-
gel processes, both hydrolytic and non hydrolytic has been extensively investigated for 
the synthesis of organic-inorganic materials. 
The selectivity of an ion exchange material depends considerably on the specific 
interaction of the counter ions with the exchanger. This interaction varies with the 
chemical composition of the exchanger that can be altered with greater ease and facility 
in inorganic materials than in the organic ones. Of the various inorganic ion exchangers 
studied earlier, the cobalt is probably the least well investigated. 
Cobalt molybdate (C0M0O4) belongs to an interesting group of compounds 
because of its structure, electronic and catalytic properties [8-12]. A great deal of 
molybdates [13-17] and their composites [18, 19] in macro scale were synthesized by 
diversified methods. Furthermore, nanomaterials with sizes between 1 and 100 nm attract 
extensive interest in recent years due to their inimitable properties of photo chromic, 
electro chromic and magnetism. Some researchers were distributed to the preparation of 
nanosized molybdates. At atmospheric pressure, two phases [20, 21], usually designated 
a and fi are known for C0M0O4. The phase transition of the low temperature phase a-
C0M0O4 to high temperature y9-CoMo04 has been studied using many physical methods 
[22]. C0M0O4 is an important component of industrial catalysts used for many organic 
reaction processes [23, 24]. Molybdenum metal is one such metal which along with its 
alloys find applications in various industries including electrical and electronic devices, 
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materials processing, glass manufacturing, high temperature furnaces and equipment, 
aerospace and defense applications. High melting point, high thermal and electrical 
conductivity, thermal expansion, high temperature strength, vapor pressure, 
environmental stability and resistance to abrasion and wear are some properties that make 
molybdenum metal and its alloys the materials of choice for various industrial processes. 
However, a detailed and systematic study on the ion exchange properties of cobalt 
(III) molybdate is lacking. Bishop and co-workers [25, 26] synthesized it only when they 
investigated the mixed oxides of groups III, IV and V as selective ion exchangers for 
incorporation into electrodialysis membranes. Therefore membranes had been applied 
widely in many industrial fields such as the food and pharmaceutical [27, 28], textile 
reuse [29] and regeneration of pulp and paper waste water [30]. It is also of interest to 
study the properties of such membranes with polystyrene and successfiilly used to 
manufacture inorganic composites with increased ion conductivity [31]. Increased 
mechanical strength and decreased swelling has been achieved by the cross linking of the 
polymer chains in the membrane. The addition of binder to the composite membrane 
increases the ion-exchange capacity and decreases the extent of swelling with water 
absorption. 
We have therefore synthesized and characterized polystyrene based cobalt (III) 
molybdate membranes and studied its ion exchange properties, sorption behavior and 
electrochemical results. 
3.2. Experimental 
3.2.1. Synthesis of Cobalt molybdate-Polystyrene Composite membranes 
Materials 
Pure polystyrene (Otto Kemi, India) used as a binder was also grounded and sieved 
through 200 meshes, 0.2 M trisodium molybdate solution (E. Merch. India with purity of 
99.90%), 0.2 M cobalt chloride (C0CI3) solution (Otto Kemi, hidia. Analytical reagent) 
and different electrolytes solution(KCl, NaCl and LiCl) of different concentrations was 
also prepared. 
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Synthesis of Composite membranes 
Cobalt molybdate is synthesis by a Sol-Gel process by taking 0.2 M aqueous solution of 
trisodium molybdate and slowly added 0.2 M cobalt chloride solution made by constant 
stirring at 90 °C for 4 hrs (by maintaining pH 7). The precipitate was then washed with 
deionize water and dried at 100 °C for 2 hours. Then composite membranes were 
prepared by methods suggested by Beg and coworkers [32, 33] and then mixture was 
transferred to a pressure device (SL-89, UK) where different pressures like 50, 60, 70 and 
80 MPa were applied. 
3.2.2. Characterization 
The FT-IR spectra of the samples were recorded in 400-4000 cm"' range at room 
temperature by Perkin Elmer RXl Spectrometer. The Scanning electron microscopy 
(SEM) was used to study the surface morphology, microstructures, distribution of 
particles and pore size of the dried membranes. The membrane morphology was 
investigated by Scarming Electron Microscope EVO 50 at an accelerating voltage of 20 
kV. Sample was mounted on a copper stub and sputter coated with gold to minimize the 
charging. The X-ray Diffraction patterns and different parameters were collected with a 
Rigaku D/max2400 powder diffractometer using a Cu Ka radiation. Whereas the particle 
size was analyzed by using laser diffraction, for that sample had been mixed in water 
using ultrasonic waves. The suspended particles were measured by laser. 
Water uptake and Swelling 
The water uptake of the composite membranes was determined by measuring the change 
in weight after hydration. The percentage of water uptake was calculated as, 
Water uptake (%) = ' ' wet " dry 
w 
"dry 
xlOO 
weight of wet membrane (Wwet); weight of the dry membrane (Wjry) 
And the swelling ratio was calculated by the following equation: 
Swelling (%) • ^ A - A ^ 
^dry 
xlOO 
Where, Ajry and Awet are the area of dry and wet samples, respectively. 
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3.2.3. Membrane Potential Determination 
Membranes in their various cationic forms were obtained by dipping them in a 2 M 
solution of the particular electrolyte for 48 hours to ensure complete exchange. After 
drying for 24 hours these were placed among two collared glass tubes each having a hole 
for introducing the electrolyte solutions and stirred by magnetic stirrer. The membrane 
potentials were determined with the help of reference electrodes (SCE). All 
measurements were made at room temperature. The Electrochemical cell of the following 
type used to measure electrical potentials. 
SCE I solution | Membrane | solution | SCE 
I *^ 2 I Diffusion potential i '^ 1 i 
Donnan potential Donnan potential 
3.3. Result and Discussion 
3.3.1. Characterization of Membranes 
Scanning Electron Microscope image was used to confirm the microstructure of 
fabricated porous membrane. The results that derived from SEM about the membrane are 
external morphology (texture), chemical composition, well ordered precipitates, 
composite pore structure, micro/macro porosity and thickness membranes [34-36]. 
Membrane had random non-preferential orientation with no visible cracks and appeared 
to be composed of dense and loose aggregation of small particles. The particles were 
irregularly condensed and adopted a heterogeneous structure composed of masses of 
various sizes. The surface openings seemed to decrease with increasing applied pressure. 
Areas of SEM images ranging from 1 cm to 5fim in width (magnification ranging from 
500 X to about 3500 X, spatial resolution of 50 to 100 nm). The SEM micrograms are 
shown in Figure 3.1 (A, B and C). It is clear from these images that the applied pressure 
increases pores size decreases. 
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Figure (3.1) SEM images of polystyrene-based cobalt molybdate membranes (A), (B) 
and (C) prepared at different applied pressures (50, 60 and 80 MPa) respectively. 
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The following results are drawn from the IR spectra of the composite material 
(Figure 3.2): A broad adsorption band at a frequency of 3443 cm"' which may be 
assigned to the adsorbed non-bonding water molecules and Mo-O vibrations at the 
frequency of 792 and 880 cm"', the presence of the stretching bands between 2852 cm"' 
and 2917 cm"' supported the C-H bond. The polystyrene backbone of the composite also 
exhibit characteristic frequencies of aromatic ring at 698, 1024, 1453, 1493 and 2919 
cm"' in the inorganic-organic hybrid (Figure 3.2 A and C) and the peak at 3026 cm"' 
corresponds to the aromatic C-H groups which are present in the organic binder. The 
spectra contained weak to strong intensity peaks assigned to different functional groups 
in the material synthesized, as shown in Figure (3.2). 
The average particle size was also calculated by particle size analyzer and values 
come out to be 764.46, 922.57 and 1115.68 nm as shown in Figure (3.3). The reason for 
obtaining such a small values is the preparation method that is Sol-Gel which gives 
smaller and uniform material particles. 
There is sharp peak in the X-ray powder diffractograms (Figure 3.4 A and B) for 
cobalt molybdate and polystyrene shows the semi crystalline nature of synthesized 
materials. The peak-width may be correlated to the size of crystallographic perpendicular 
planes by Debye-Scherrer formula, 
d = 0.9/l/y9cos e 
which has been used to estimate the crystallite size {d) from the corresponding X-ray 
spectral peak Here, A is the X-ray wavelength (1.54060x10-10 m) of the incident light, 
pis the full width at half maximum (FWHM) which is the peak width at half of the total 
peak height of the compound and 0 is the peak diffraction angle. The maximum 
deviation that occurred between the observed and calculated values of inter planar 
spacing {d) remains below 0.0011 A and different parameters calculated from Figure 
(3.4) are given in Table (3.1). 
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Wave nanber (cm"*) 
Figure (3.2) IR spectra of Polystyrene (A), Cobalt molybdate (B) and Composite 
(C). 
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Figure (3,3) The graph showing particle size analysis. NANOPHOX (0144 P), Cross 
correlation. 
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Figure (3.4) XRD pattern of cobalt molybdate (A) and composite material (B) 
Sample 
Formula 
Molecular weight (g 
Melting Point («C) 
Crystal system 
Method 
Cell parameters 
20 min-max 
Lattice Type 
mol"*) 
Cobalt Molybdate 
C0M0O4 
218.87 
1040 
Hexagonal 
Powder 
a= 4.060076 ; b= 4.060076 ; c= 13.54625 
a=90.00000 ; p= 103.2028 ; Y=120.00000 
20.00 - 80.00 
P 
Table (3.1) The XRD parameters value of the dried cobalt molybdate powder synthesis 
by Sol-Gel method. 
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The mechanical strength of composite membranes was determined by heating 
membranes at different temperatures and chemical stability by water and 0.1 M HNO3. 
The high thermal stability and the specificity for cations are two unique features of these 
composite membranes and porosity, surface swelling, water content and thickness of 
membranes are given in Table (3.2). All composite membranes were tested for chemical 
resistance in acidic, alkaline, and strongly oxidant media. In acidic (IM H2SO4) and in 
alkaline media (IM NaOH) few significant modillcations were observed after 24, 48 and 
168 hours, demonstrating that the membrane is effective in such media. However, in 
strong oxidant media the synthesized membrane became fragile in 48 hours and 
membrane was broken after 168 hours, losing mechanical resistance. The water content 
of a membrane depends on the water vapor pressure of the surroundings. Knowledge of 
the pore size distribution and the water structure in a membrane might contribute to 
classify a special membrane resembling solution diffusion, a fine-porous, or a coarse-
porous membrane. In general membrane having the same chemical composition absorb 
same amount of water, where density ionizable groups are same throughout the 
membrane [13]. In case of most of the transport measurements, only the membrane water 
content at saturation is needed, and that mostly as a function of solute concentration. 
Thus, low order of water content, swelling and porosity with less thickness of this 
membrane suggests that interstices are negligible and diffusion across the membrane 
would occur mainly through exchange sites. This of course, is dependent on the porosity 
of the membrane. In case the membrane pores are wide, any amount of charge on the 
membrane does little to generate good potentials. On the other hand, if the pores are 
narrow, a little amount of charge can give rise to good potential values. 
Hence, a detailed investigation of the mechanism of transport of simple 
electrolytes through a charged membrane seems to be incomplete without the evaluation 
of the thermodynamically effective fixed charge density of the membrane. The former 
can be evaluated by making use of an equation derived on the basis of thermodynamics 
of irreversible processes. This approach employs a phenomenological coefficient to 
correlate the gradients that exits across a membrane and their resulting fluxes. 
Pressure 
applied 
(MPa) ^ _ 
50 fl 
60 
70 
80 
Thickness of 
membrane 
B ^'^"^^ 
• 0.090 
0.085 
0.080 
0.075 
Water content as 
"/oweight of wet 
membrane 
0.0476 
0.0361 
0.0240 
0.0123 
Porosity 
0.0047 
0.0045 
0.0035 
0.0016 
Swelling (%) 
weight of wet 
membrane 
noswelling 
no swelling 
no swelling 
no swelling 
Table (3.2) Physico-chemical characterization of composite membranes prepared at 
different pressures. 
Concentration 
C2(mol 
/I) 
1.0 
0.50 
0.10 
0.05 
0.01 
0.001 
KCI 
12.0 
16.2 
23.0 
32.5 
42.8 
50.2 
50 
NaC 
12.5 
16.5 
23.5 
33.3 
43.5 
51.0 
1 LiCI 
13.5 
17.0 
24.0 
34.5 
44.0 
51.5 
KCI 
13.6 
17.2 
24.8 
35.5 
44.5 
52.0 
Applied pressure (MPa) 
60 
NaCI 
14.0 
18.0 
25.2 
36.0 
45.5 
52.5 
LiCl 
14.5 
18.5 
26.6 
36.5 
46.5 
53.0 
KCI 
15.2 
19.1 
27.0 
37.1 
47.0 
53.7 
70 
NaCI 
16.0 
20.5 
27.5 
37.6 
47.5 
54.3 
LiCI 
17.2 
21.0 
28.0 
38.5 
48.2 
54.8 
KCI 
18.5 
22.2 
29.4 
39.5 
49.3 
55.8 
80 
NaCI 
19.3 
23.2 
30.8 
40.3 
50.7 
56.5 
• 
LiCI 
19.8 
24.1 
32.0 
41.6 
52.3 
57.0 
Table (3.3) Observed membrane potential values (A^'^i 0.5 mV) of the composite 
membranes in contact with different 1:1 electrolyte solutions of different concentrations. 
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3.3.2. Electrochemical properties: 
Teorell, Meyer and Sievers [37] determined the fixed charges in the lattice as described 
in previous chapters, hi the TMS method, there was an equiUbrium process at each 
solution membrane interface which had a formal analogy with the Donnan equilibrium. 
With this, there was an internal salt diffusion potential that was first represented by the 
Henderson equation and later by Planck expression, hiorganic membranes have the 
ability to generate potential when two solutions of unequal concentrations of electrolytes 
are separated by a membrane; the solute and solvent are driven by the differences in their 
chemical potential across the membrane. The electrical character of the membrane 
regulates the migration of charge species for the membrane and the diffiision of 
electrolytes from the region of higher to lower concentration, and the flow of water in the 
opposite direction take place. 
According to the TMS theory, the membrane potential (A4^^ in mV) was given by 
the following equation at 25 °C. 
A^„ = 59.2 log , + U\og-^= 
C, V4C2 +D^ +D ^4Cf +D^ +UD 
(3.1) 
u-v 
; U = ( ), u and v are the mobilities of cation and anion (m /v/s) respectively, in the 
u+v 
membrane phase. Ci and C2 are concentrations of the electrolyte solution on either side of 
the membrane and D is the charge on the membrane (eq/1), theoretical potentials across 
the membrane were calculated as a function of-log C2 (Figure 3.5). 
The membrane under consideration seems to be truly selective and specific for K"^  
as shown in Table (3.3). In low concentration ranged, the divergence between the 
observed and calculated potential of composite membrane was quite high and validity of 
TMS was more in higher concentration range. The effects of other cations were also 
investigated by observing the membrane potentials in contact with solutions of NaCl and 
LiCl (Table 3.3) and it was observed that the nature and charge of the anion present did 
not substantially influence the potentiometric responses of the membrane. 
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The membrane potential was also seen to be largely dependent on the pressure 
applied during the membrane fabrication. Application of higher pressure at composite 
membranes led to reduction in their thicknesses, contraction in pore volume and 
consequently offered a progressively higher fixed-charge density. This in turn, led to a 
higher membrane potential, which can be analyzed fi-om Table (3.3). These membranes 
are also electronegative (cation selective), carrying inherently the definite number of 
potentially dissociable acidic groups. These are compensated electrically by counter ion 
by the opposite sign. In contact with the solution of any electrolyte (KCl, NaCl and LiCl), 
the counter ions of these dissociable fixed groups exchange with the ion of the same sign 
in solution until an equilibrium state is reached. 
The obtained values of D (Table 3.4) from Figure (3.5) are plotted in Figure (3.6). 
It is clear from the Figure (3.6), applied pressure increases values ofD increases and the 
order for electrolytes used was KCl > NaCl > LiCl because the size of the cation 
decreases. The values of D also depend on whether the membrane is separated by diluted 
or concentrated solutions. At the same time, in case of charge solutes, the mechanism was 
mainly controlled by the charged exclusion (Donnan effect) which involves the 
interaction between the rejection of co-ions and the fixed electric charges attached to the 
membrane matrix. The Donnan effect is marked by characteristic dependence of rejection 
on the electrolyte valence type: an increased with the increased charge of co-ions and 
decreased with the increased charge of counter-ions [38]. The counter-ions were attracted 
when the charged membrane was in contact with the electrolyte solution. Meanwhile, the 
co-ions are repulsed by the membrane surface and provided the electroneutral condition. 
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0.0 0.4 
lo^,(mol/L) 
Figure (3.5) Plots of membrane potential vs concentration for composite membranes 
prepared at different pressures 50-80 MPa. Smooth curves are the theoretical 
concentration potentials for D =1 at different mobility ratio. Broken lines are the 
experimental value AHP for different concentration of KCl solution. 
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Figure (3.6) The plot of surface charge density (D) Vs Pressures of polystyrene based 
cobalt molybdate membrane for 1:1 electrolytes (KCl, NaCl and LiCl). 
Applied 
pressure 
(MPa) 
50 
60 
70 
80 
KCl D 
1.22 
1.27 
1.34 
1.42 
xlO^ 
Electrolyte 
NaCl D 
1.11 
1.20 
1.29 
1.35 
xlO^ LiCl D X10 ^  
0.85 
1.00 
1.15 
1.28 
Table (3.4) Derived values of membrane charge density D ± 0.1 x 10'^  eq/1 for various 
Composite membranes electrolyte systems using TMS equation. 
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In addition to the equation (3.1), Teorell, Meyer and Sievers further extended their theory 
and considering the total potential, as the Donnan potential (ATj^„ ), between the 
membrane surfaces and the external solutions, and the diffusion potential (A^ F^ ^^  ), within 
the membrane [39, 40]. 
AT = A»F , + AT ,^  
m ,e don dijj 
(3.2) 
Where, 
A T . „ „ = - ^ l n 
' don VJ 
^yCC ^ (3.3) 
R, F and T have their usual significance, /+. and/I are the mean ionic activity coefficient 
Ci+ and C2+ are the cation concentration on the two sides of the charged membrane. 
a 
'VD^' 
K^V.) + V ^ ) 2K 
(3.4) 
Where V^ and Vx refer the valency of cation and fixed charge group on the membrane 
matrix, q is the charge effectiveness of membrane and is distinct by the equation (3.5). 
1 = (3.5) 
Where K± is the distribution coefficient 
The diffusion potential, AT ,^^  was expressed in the form. 
^^m = 
- RTm-l ^^J{m + l)C,,+{V,IV,)D 
xln 
V,Fm + l [{m + l)C,,+{K/V,)D (3.6) 
Here m = u/v is the mobility ratio of the cation to anion in the membrane phase. The total 
membrane ( A T ) potential was, thus, obtained by simple addition of equations. (3.3) 
and (3.6). 
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y±^2^\+ RTm-\ , xln 
Y±C,C,J V,Fm + l 
{m + \)c,,+{vJV,)D 
(n7 + l ) Q + ( F , / r j D _ (3.7) 
A^„=^{K+t_)\n^ (3.8) 
t^ _u 
t V 
(3.9) 
Equations (3.8) and (3.9) were used to get the transport numbers {U and t.). 
For all electrolytes' values of u, in membrane phases were found to be high at 
low concentration. Further increase in concentration of electrolytes led to a sharp drop in 
the values of nr as given in Figure (3.7). The higher mobility was attributed to the higher 
transport number of comparatively free cations of electrolyte's Figure (3.8) as with 
titanium molybdate and nickel molybdate membranes. Increase in concentration of 
electrolyte results in decreases in the magnitude of the counter ion transport number as 
expected because of deswelling of the membrane. In addition, the diffusion of ions 
depends upon the charge on the membrane and its porosity. The membrane porosity in 
relation to the size of the hydrated species diffusing • through the membrane appears to 
determine the above sequence. Several probable structures of water molecules under the 
condition of a given temperature may play an important role in determining the size of 
the hydrated ions. As the diffusion paths in the membrane become more difficult in 
aqueous solutions, the mobility of large hydrated ions gets impeded by the membrane 
framework and the interaction with the fixed-charge groups on the membrane matrix. 
Consequently, the membrane pores reduce the conductance of small ions, which is much 
hydrated. 
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conC^(mol/L) 
Figure (3.7) Plots of mobility ratio vs concentration of different 1:1 electrolyte solutions. 
1,0 1,5 2,0 
-logC2(mV) 
2.5 3,0 
Figure (3.8). Plot of /+ (transprot number) of various electrolytes. 
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3.4. Conclusion 
The membranes were characterized with rejection of electrolytes including KCl, NaCl 
and LiCI. This suggests that the membrane active layer acquired a negative surface 
charge distribution by adsorbing anions (CT) from the electrolyte solution, and this 
charge distribution mainly determines the membrane performance. The composite 
membranes with different applied pressures were characterized by applying the 
theoretical approach. Based on the results of the experiment, several conclusions can be 
drawn: The increase of the electrolytes concentration tends to exhibit higher membrane 
potential; Membranes prepared at high pressure (SOMPa) carry higher charge density; 
The characterization of the membrane structural details showed great properties in terms 
of effective pore radius, effective charge density and membrane thickness; The 
electrochemical properties of the membranes were estimated by applying the Teorell-
Meyer-Sievers model which is acceptable and withstands in the range of the commercial 
membranes. 
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CHAPTER - 4 
Synthesis, Cfiaracterization and Study of'ElectficaC 
properties cfO^lc^CmoCyBddte Composite memSranes 
m m 
4.1. Introduction: 
The multitude of potential applications of membrane technology was identified and a 
billion dollar market was predicted for the membrane-based industry by the turn of this 
century [1]. The overall success of the membrane technology, however, is lagging behind 
these expectations. In some applications, such as in hemodialysis, in reverse-osmosis 
seawater desalination, in micro and ultra filtration of siuface water, or in the separation, 
concentration and purification of food and pharmaceutical Industries [2], in fuel cells, as 
battery separators and so on, membranes indeed play an important role today. 0\ er the 
past decade, organic-inorganic composite ionic membranes have gained tremendous 
attention for use in medium temperature fiiel cells. The production of composite 
membrane materials by bridging organic and inorganic chemistry at a molecular level is 
an extensive and fascinating field of investigation. A major benefit of such hybrid 
research activities is linked to synergetic effects of organic and inorganic matrix, w ith 
desired and improved properties in comparison to own unique properties of each 
components (organic or inorganic). 
The addition of a functional or non-functional inorganic material into the organic 
material is usual practice in proton exchange membranes to improve their thermal 
stability and performance. New inorganic and organic materials, structures with specific 
binding properties are used as membrane materials [3]. Most of the properties of these 
new materials are dependent on their structural and chemical composition as well as on 
the dynamic properties inside the hybrid. However, very little work has been done on the 
applications of these hybrid materials as ion-exchange membranes, in which a ftinctional 
group is attached to the inorganic part of the hybrid materials. To decrease solubility and 
increase plasticity and mechanical strength, in most cases, the hybrids were cross-linked 
(polystyrene). Nickel molybdates are attractive compounds because of their catal>lic, 
structural, magnetic and electrochemical properties (Li storage) [4-10]. These properties 
depend not only on their compositions and structures but also on their particle's 
morphology and size. Despite the abundance of literature concerning the catalytical 
properties of molybdates [11, 12], the studies dealing with their transport properties and 
connected defect structiires are rather rare [13]. 
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Nickel molybdate belongs to a series of isostructural compounds AM0O4 with A 
representing a divalent cation (A=Fe, Mn, Zn, Co). All these molybdates have catalytic 
properties which were at the origin of the development of new manufacturing processes. 
It has been known that preparation methods and conditions become key elements to 
control these material parameters [14-17]. Inorganic membranes show a number of 
advantageous properties, which make them attractive to filtration tasks in the beverage 
and textile industry, medicine, pharmacy, chemical industry, waste water treatment and 
others. These properties are attributed to their high thermal resistance, chemical 
resistance and the mechanical strength. Moreover, inorganic membranes show excellent 
cleaning conditions, especially by sterilization. Nevertheless, the production costs for 
these membranes are higher than for membranes made of organic materials because of 
the inorganic membranes are prepared stepwise following traditional inorganic 
processing steps. 
In this chapter, the preparation of nickel molybdate membranes by a Sol-gel 
method with polystyrene has been described and investigates the effects of non-uniform 
distributions of fixed charges on membrane potentials of nickel molybdate composite 
membranes, i.e. having the same number of fixed charges with different distribution 
profiles. Similarly, the membrane potential equation for linearly varying fixed charges 
was derived based on the Nemst-Plank flux equation and Donnan equilibriimi. Then a 
numerical solution procedure was presented to obtain the membrane potential for uni-
univalent electrolyte solutions. According to the simulation results, the effects of non-
uniform distribution of fixed charges on membrane potential were discussed and the 
results were compared with the values obtained fi-om TMS. 
In addition, the calculations were repeated for different values of the external 
concentration ratio and their effects on membrane potential. Finally, the simulation 
results obtained were compared with the experimental results presented in the literature, 
The "surface charge density" was considered the most effective parameter that controls 
the membrane phenomena; this quantity was derived and used to calculate the membrane 
potentials for different electrolyte concentrations. The membrane potential was calculated 
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with the help of Teorell, Meyer and Sievers (TMS) method [18-21] and tests the 
applicability of TMS equations for electrochemical parameters. 
4.2. Experimental: 
4.2.1. Preparation and characterization of composite membranes 
Preparation and characterization of nickel molybdate 
The nickel molybdate prepared by the Sol-Gel method by reaction between 0.2 M nickel 
chloride (NiCl2) and 0.2 M Sodium molybdate (Na2Mo04) solution according to the 
following chemical equation: 
NiCl2 + Na2Mo04 ^NiMo04 + 2NaCl 
The average grain sizes are 1157.88 nm, 1877.99 nm 1778.32 nm and 2260.90 nm for the 
product. The precipitate is heated in a crucible at 550°C for four hours under atmospheric 
pressure of the air. The resulting product is a yellow powder of P- NiMo04 [22]. 
Pure polystyrene (Otto Kemi, India) used as a binder was grounded and sieved 
through 200 meshes and the composite membrane was prepared by methods suggested by 
Rafiuddin et al [23, 24] and then transferred to a pressure device (SL-89, UK), where the 
50, 60, 70 and 80 MPa pressures were applied. The Scanning electron microscopy (SEM) 
was used to study the surface morphology, microstructures, distribution of particles and 
pore size of the dried membranes prepared at different pressures. 
Water uptake and Swelling 
Membranes were first immersed in deionized water for 2 h. Then membrane was weighed 
quickly after removing the water molecules attached on the surface. The water uptake of 
composite membrane was determined by measuring the change in the weight after 
hydration. 
The percentage of water uptake was calculated by the following equation: 
W -W 
Water uptake (%) = -^^ ^ x 100 
W 
'' dry 
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(Wdry) weight of the dried membrane; (Wwet) weight of the wet membrane. 
And the surface sweUing was determined by measuring the change in membrane 
geometrical area upon membranes equiUbrating in water at room temperature for 2 h. The 
swelling ratio was calculated by the following equation: 
Swelling(%)=^"""^""xlOO 
Where A r^y is the area of dried and Awet is area of wet membrane. 
Effect of pH 
The series of solutions of varying pH in the range of 2-11 were prepared, keeping the 
concentration of the relevant ion constant (KCl 1 x 10"^  molL"'). The value of membrane 
potential at each pH was recorded and plot of potential vs pH is plotted. 
The characterization of samples was mainly performed by X-ray diffraction (Cu 
Ka), IR spectrometry and particle size analysis. The FT-IR spectra of the samples were 
recorded in 400-4000 cm~^  range at room temperature. X-ray Diffraction patterns and 
different parameters were collected with a Rigaku D/max 2400 powder diffractometer 
using a Cu Ka radiation. And the particle size was analyzed by using laser diffraction 
particle size analyzer. 
4.2.3. Determination of Membrane Potential 
Membranes in their various cationic forms were obtained by dipping them in 2M solution 
of a particular electrolyte for 48 h to ensure complete exchange. After drying for 24 h the 
membrane was placed between two collared shaped glass tubes each having a hole for 
introducing the electrolyte solutions stirred by means of a magnetic stirrer. The 
membrane potentials were determined with the help of potentiometer of reference 
electrodes (SCE) kept dipped in two solutions. All measurements were made at 25 °C. 
The Electrochemical cell of the following type used to measure electrical potentials. 
SCE ] solution | Membrane ] solution ] SCE 
I Diffusion potential i '^ 1 i 
Donnan potential Donnan potential 
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4.3. Result and Discussion: 
The FTIR spectra were performed to a certain composition and the possible 
additional sites of the nickel moiybdate and pure polystyrene. The spectra contained 
weak to strong intensity peaks assigned to various functional groups in the synthesized 
material Figure (4.1 B). The peaks in the range of 696 - 874 cm"' show the presence of 
aromatic ring in composite membrane [25]. The peaks 2852 and 2927 cm'' support the C-
H bond frequency because of styrene moiety in the synthesized materia! (Figure 4.1 B). 
The absorption broad peak near 3483 cm' may be attributed to the u(O-H) stretching 
mode of the non-bonding water molecules which are adsorbed on the surface Fig (4 A & 
B). The polymeric nature of the composite has also been supported by other studies (Vide 
Supra). 
The average particle size was calculated by particle size analyzer for that sample 
had been mixed in water using ultrasonic waves. The suspended particles were measured 
by laser and values come out to be X|()= 527.20 nm, X5o= 654.84 nm and X9o= 813.85 nm, 
as shown in Figure (4.2). 
And the XRD pattern of nickel moiybdate material recorded in a powdered 
sample, exhibited some sharp peaks in the spectrum Figure (4.3). It is clear from the 
figure that the nature of composite material is semi-crystalline. The peak-width may be 
correlated to the size of crystallographic perpendicular planes by Debye-Scherrer 
formula, 
d = 0.9i//?cos d 
which has been used to estimate the crystallite size {d) from the corresponding X-ray 
spectral peak Here, /lis the X-ray wavelength (1.54060x10-10 m) of the incident light, (i 
is the full width at half maximum (FWHM) which is the peak width at half of the total 
peak height of the compound and 0 is the peak diffraction angle. And different 
parameters calculated from the Figure (4.3) are given in Table (4.1). 
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Figure (4.1) FTIR spectra of nickel molybdate (A) and composite material (B). 
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Figure (4.2) The graph showing values obtained by particle size analysis. 
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Figure (4.3) XRD-spectrum of nickel molybdate-polystyrene composite. 
Sample 
Formula 
Molecular weight (g 
Melting Point ("C) 
Crystal system 
Method 
Cell parameters 
20 min-max 
Lattice Type 
mol') 
Nickel Molybdate 
NiMo04 
218.63 
1040 
Hexagonal 
Powder 
a= 4.060076 ;b= 4.060076 ;c= 13.54625 
a=90.00000 ; p= 103.2028 ; 7=120.00000 
20.00- 80.00 
P 
Table (4.1) The XRD parameters of the dried nickel molybdate powder sample. 
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Scanning electron microscopy (SEM) had been used for the characterization of 
surface morphology of membranes [26]. From SEM images (Figure 4.4) composite pores 
structure, micro/macro porosity, surface texture iiomogeneity and crack free membranes 
have been widely studied [27]. The membrane surface (Figure 4.4 A) and cross sectional 
images were taken (Figure 4.4 B). SEM micrographs have a large depth of field yielding 
a characteristic three-dimensional appearance useful for understanding the surface 
structure of a membrane and can provide information about the uniform distribution of 
polystyrene and nickel molybdate in the composite membrane. The SEM images are 
composed of intense and loose aggregation of small particles and formed pores with non-
linear channels. The membrane is macroscopicaliy uniform in thickness and porous in 
nature. The pores are modeled as uniform capillaries that extend throughout the 
membrane. These pores are evenly distributed throughout the surface of the membrane. 
Entrance and exit effects are ignored since the membrane thickness is large compared to 
the pore radius. However, the thickness is still large compared to the pore radius and it is 
assumed that the membrane and adjacent solution (interfaces) are in equilibrium. The 
distributions of charge density and mobile species within the pores are assumed to be 
uniform (TMS). 
The pre-requisite for understanding the performance of an ion-exchange 
membrane is its complete physico-chemical characterization, which involves the 
determination of all such parameters that affects its electrochemical properties. These 
parameters are membrane water content, porosity, thickness and swelling (Table 4.2). In 
case of the transport measurements, only the membrane water content at saturation is 
needed, and that mostly as a function of solute concentration. Thus, low order of water 
content, swelling and porosity with less thickness of this membrane suggests that 
interstices are negligible and diffusion across the membrane would occur mainly through 
exchange sites. Membrane was tested for chemical resistance in acidic, alkaline and 
strongly oxidant media. 
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Figure (4.4) Shows (A) SEM of surface and (B) cross-sectional surface, of polystyrene 
based composite membrane respectively. 
110 
membrane 
0.090 
0.085 
0.080 
0.075 
- >.^^i^tittft-4 V tftS^ 
% weight of 
membrane 
0.080 
0.005 
0.040 
0.020 
0.0940 
0.0745 
0.0530 
0.0280 
weight of wet 
membrane 
noswelling 
no swelling 
no swelling 
no swelling 
Table (4.2) The Physico-chemical characterization of nickel molybdate membranes 
prepared at different pressures. 
„ 
t oncentration 
K"2(mo 
1 i/l) 
1.(1 
0.50 
0.10 
(1.(15 
0.01 
0.001 
50 
KCl NaCl LiCl 
16.3 19.0 20.0 
18.4 25.9 26.6 
25.5 26.4 28.0 
42.3 45.3 46.2 
51.2 52.0 52.5 
52.0 52.5 53.0 
Applied pressure( MPa) 
60 
KCl NaCl LiCl 
17.9 20.0 20.5 
19.2 25.6 27.0 
32.3 35.2 36.6 
49.1 48.5 49.0 
52.6 53.2 54.0 
53.0 54.5 54.8 
70 
KCl NaCl LiCl 
18.2 
20.1 
35.6 
51.5 
55.0 
55.5 
21.0 22.2 
36.5 37.4 
37.0 38.0 
52.6 53.3 
55.5 56.0 
56.0 56.3 
KCl 
19.5 
21.2 
36.4 
52.0 
57.0 
57.5 
NaCl 
22.9 
37.2 
38.8 
53.0 
56.5 
58.0 
80 
LiCl 
23.8 
39.1 
39.9 
53.5 
57.0 
58.5 
Table (4.3) Observed membrane potential values (A^±0.5 mV) of the nickel 
molybdate composite membranes in contact with different 1:1 electrolyte solutions of 
different concentrations. 
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4.3.1. Electrochemical Studies: 
The function of a membrane in separation process was determined by its transport 
properties for different components in a mixture. Tiie transport rate of a component 
tiirough a membrane is determined by its permeability in the membrane and by the 
driving force. Driving forces in membrane processes are gradients in the chemical 
potential, in the electrical potential and in the hydrostatic pressure, resulting in a diffusion 
of individual molecules, a migration of ions, and a convection of mass, respectively. The 
surface charge concept of the Teorell, Meyer and Sievers for charged membranes was an 
appropriate starting point for our investigation of the actual mechanisms of ionic or 
molecular processes that occurred in the membrane phase. 
According to the TMS theory, the membrane potential (A4^„in mV) was given by 
the following equation at 25 °C. 
AT... = 59.2 
^ cJ4Cf+D' +D JAC;+D- +UD 
log -^, ' = + f/log^ -
V 
C,^ACl+D^ +D ^4C; +D- +UD 
(4.1) 
u — V 1 . 
U = ( ), u and v are the mobilities of cation and anion (m'/v/s) respectively, in the 
u + V 
membrane phase. Ci and C2 are concentrations of the electrolyte solution on either side of 
the membrane, and D is the charge on the membrane (eq/l), theoretical potentials across 
the membrane were calculated as a function of-log C2 (Figure 4.5) [25]. The membrane 
under consideration seems to be truly selective and specific for K^  as shown in Table 
(4.3). The nickel molybdate composite membranes prepared at successively higher 
applied pressures gave progressively higher poienlials and reduced thicknesses and pore 
volumes and increased mechanical transport resistance and surface charge density which 
in turn, modified other features of the membranes. The variations in membrane potential 
depending on the external bulk concentration ratio (C1/C2) are presented in Figure (4.5). 
Solid lines in the graphs showed the membrane potentials calculated from Equation (4.1). 
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1.2 16 20 
logCimol/L) 
Figure (4.5) Plots of membrane potential vs concentration for composite membranes 
prepared at pressure 50-80 MPa. Smooth curves are the theoretical membrane potentials. 
Broken lines are the experimental values of A ^ for different concentration of KCl 
solution. 
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The coinciding curve for all membrane gave the values for the charge density D 
within the membrane phase. The values of the D obtained for various membrane 
electrolyte systems are given in Table (4.4) and plotted in Figure (4.6). The increase in 
the values of D with an increase in the size of the cation may be due to increase in charge 
per unit volume of the membrane [29] and the order for electrolytes used was KCI > 
NaCl > LiCl. When the fixed charge concentration varied linearly with position, the 
membrane potentials were shown by dashed lines and identified as LINEAR (Figure 4.5). 
It was seen that the predictions of membrane potentials from the numerical solutions 
were usually higher than the predictions obtained from TMS theory. 
Polystyrene based nickel molybdate composite membranes were found to have the 
ability to generate potentials, when interposed between electrolyte solutions of different 
concentrations due to the presence of a net charge on the membrane. The advantage of 
the determination of the potential between two solutions of different concentrations is 
that the tests are not obscured by concentration polarization effect at the membrane 
surface. When an ionic gradient is maintained using two solutions of different 
concentrations of the same electrolyte on either side of the membrane, diffusion of 
electrolytes from the region of higher to lower concentration and flow of water in the 
opposite direction take place. In fact, the mobile species penetrate the membrane at 
different magnitudes and various transport phenomena, including the development of 
potential across it, are induced into the system. 
In low concentration range, the divergence between the observed and calculated 
membrane potential of nickel molybdate composite membrane is quite high and validity 
of TMS is more in higher concentration range. The observed membrane potentials of 
composite membrane in contact with various electrolyte solutions at 25 ± I °C are given 
in Table (4.3). Since the ionic atmosphere of fixed charge is negligible at high 
concentration, so that Cf ions can be passed through the pore easily. On the other hand, 
the hydrated size of Li^  ion is large as compared with K"^  ion; therefore, the passage of 
the formal ion is relatively hard especially at high concentrations. The magnitude of the 
membrane potential depends on several factors, like the ratio of counter ion to co-ion 
mobility, concentration of salt solution and the exchange characteristics of the membrane 
material for various cations. 
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80 
Figure (4.6) The plot of surface charge density (D) Vs Applied pressures of polystyrene 
based nickel molybdate membrane for 1:1 electrolytes. 
^^ ^^ ^^ H 
m^^^^^^^^^^^^H 
KCl D >10 ^ 
1.20 
1.25 
1.33 
1.39 
NaCI D >10 ^ 
1.10 
1.19 
1.25 
1.34 
LiCI D >10^ 
0.80 
0.95 
1.11 
1.26 
Table (4.4) Derived values of membrane charge density D ± O.PIO'^  eq/1 for various 
composite membranes electrolyte systems using TMS equation. 
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The values of membrane potential from Table (4.3) reveal the order Li"^  > Na^ > 
K"^  similar to titanium molybdate membranes and increases with dilution, the reason for 
this is that as concentration increases the average distance between cation and anion 
decreases, so that there is more inter-ionic interaction. However, it has often been 
assumed that cation and anion interact to form an ion-pair. The higher membrane 
potential observed with Li"^  is due to the fact that Li"^  is not thermodynamically favored in 
the membrane phase Table (4.3). The values for the membrane potential are in the order 
of positive mV and decrease with an increase of external electrolytes concentration, 
which show that membrane was negatively charge (cation selective) [30, 31] and 
selectivity of the cation increase with dilution, hence TMS method gave satisfactory 
result for fixed charge density evaluation. This technique had also been used to estimate 
the capacity of thin polymer membranes of polyvinyl chloride and poly vinyl acetate and 
to determine the charge of parchment supported membranes. 
In addition to the equation (4.1), Teorell, Meyer and Sievers further extended 
their theory and derived another equation for membrane potential considering the total 
potential, as the Donnan potential (A^^„) between the membrane surfaces and the 
external solutions and the difftision potential (A^^^.,.), within the membrane [32, 33]. 
A^.,e = A4>,„„ + A^,,^ (4.2) 
Where, 
A ^ . . „ = - ^ l n (4.3) 
R, F and T have their usual significance, /+.. and/+ are the mean ionic activity 
coefficient; C\+ and C2+ are the cation concentration on the two sides of the charged 
membrane. 
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c -
^VD^' 
K^Kj + 
V D 
X 
2K 
(4.4) 
Where r^ and V^ refer the valency of cation and fixed charge group on the membrane 
matrix, q is the charge effectiveness of membrane and is defined by the equation (4.5). 
*=Jt (4.5) 
Where K± is the distribution coefficient 
The diffusion potential, ^ \^ was expressed in the form, 
diff 
AT^ ..^ . = X In 
'diff V^Ftu + l 
(m + l)C,^+iVjV,)D 
{m + l)C,,+{VjV,)D^ (4.6) 
Here tn—ujv is the mobility ratio of the cation to anion in the membrane phase. The 
total membrane potential (^ip ) was, thus, obtained by simple addition of equations 
(4.3) and (4.6). 
A T „ = ^ ( / , + ^ ) l n ^ 
F C, 
RTm-\ 
V,Fm + \ 
xln 
u 
V 
(4.7) 
(4.8) 
(4.9) 
Equations (4.9) and (4.8) were used to get the values of transport numbers t+ and t. from 
experimental membrane potential data and consequently, the mobility ratio ar = " / 
within the membrane phase. The values of the mobility ratio (sr ) of the electrolytes in 
the membrane phase were found to be higher at lower concentration for all electrolytes 
(KCl, NaCl and LiCl). 
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Further increase in concentration of electrolytes led to a sharp decrease in the 
values of m as given in Figure (4.7). The higher mobility was attributed to a higher 
transport number of comparatively free cation of electrolytes Figure (4.8) and also is a 
similar trend as the mobility at least concentrated solution. At a lower concentration of 
electrolytes the large deviation in the value was endorsed to the high mobility of 
relatively free charges of the strong electrolyte. As the concentration of the electrolytes 
increased, values of the distribution coefficient decreased, thereafter, a stable drift was 
observed, as shown in Figure (4.9). 
The pH response profile for membrane was tested by using (I x 10^ molL ') 
electrolyte solution over the pH range 2.0 - II .0. The pH was adjusted by introducing 
small drops of hydrochloric acid (0.1 M) or sodium hydroxide (0.1 M) into solutions. The 
influence of the pH response of the composite membrane is shown in Figure (4.10). As it 
is seen, the potential remained constant from pH 2.0 to 7.0 beyond which some drifts in 
potentials were observed (Figure 3.10). The observed drift at higher pH values could be 
due to the formation of some Hydroxyl complexes of cations (K^ CT, Li^ ) in the 
solution. The increased potentials, at the lower pH values indicate that the membrane 
responded to protonium ions, as a result of some protonation of molybdate atoms of the 
M0O4'"' group. On the other hand, at lower pH values HsO"^  ions start to contribute to the 
charge transport processes by the membrane, thereby causing interference. 
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2.0 
-logC.(mol/L) 
Figure (4.7) Plots of mobility ratio against concentration of i: I electrolytes solutions. 
-IogC,(moI/L) 
—\— 
2.5 3.0 
Figure (4.8) Plots of t+ (transprot number) of various electrolytes. 
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Figure (4.9) Plots of distribution coefficient against -log C2 for composite membrane 
using various 1:1 electrolytes. 
PH 
Figure (4.10) The effect of pH (KCl solutions (I x 10'^ molL"')) on potential response 
of membrane. 
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4.4. Conclusion 
The membrane potentials of nickel molybdate composite membranes were measured with 
univalent electrolytes solutions using platinum electrodes. The polystyrene because its 
cross linked rigid framework provides an adequate adhesion to the nickel molybdate 
membranes, which accounts for the mechanical stability to the membrane. Particles are 
irregularly condensed and adopt a heterogeneous structure composed of masses of 
various sizes and membrane material is crystalline in nature. Thus, in general the specific 
potential of ions across the membrane varies almost linearly with concentration in the 
lower concentration range (TMS). The values of specific membrane potential of the 
electrolytes follow the sequence for the cations. K^  < Na^ < Li^  and larger than that of 
titanium and cobalt molybdate membranes. And all the nickel molybdate composite 
membranes work well in the pH range 2.0-7.0. 
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]^ M 
Conclusion 
m 
The polystyrene based composite membranes of Titanium molybdate, Cobalt molybdate 
and Nickel molybdate, as discussed in Chapter 2, 3 and 4, respectively were synthesized 
by Sol-Gel process and foimd to be quite stable and did not showed any dispersion in 
water and in other electrolytes solutions. Polystyrene is suitable binder for all 
experiments because of its cross linked rigid framework which provides an adequate 
adhesion to these membranes. SEM images have provided guidance in the preparation of 
well-ordered precipitate, composite pore structure, micro\macro porosity, homogeneity, 
thickness, surface texture and crack free membranes. The synthesized membrane 
materials were characterized by Infra red spectroscopy. Particle size analysis and X-Ray 
diffraction. It was found that the investigated membranes are thermally and mechanically 
stable, as well as resistant to harsh chemicals (HNO3, HCl and NaOH). The membrane 
potentials of composite membranes were measured with uni-univalent electrolyte 
solutions (KCl, NaCl and LiCl) using saturated calomel electrodes (SCEs) and follow this 
order LiCl > NaCl > KCl. The electrical membrane potential across the three polystyrene 
based membranes is in the following order. 
Titanium molybdate membranes < Cobalt molybdate membranes < Nickel mol>bdate 
membranes. 
The good agreement between the theoretical and the experimental data for the 
uni-univalent electrolytes proved the applicability of the relationship derived for all the 
system. The charge property of the membrane matrix is greatly influenced by the counter 
ion (K"^ , Na"^ , Li"*") than co-ion (CI") as well as by the transport phenomena in the 
solutions. The order of fixed charge density for electrolytes used was found to be, 
KCl > NaCl > LiCl 
for all systems. The surface charge densities obtained by TMS theory of these membranes 
are found to depend on the applied pressures, to which the membranes were subjected to 
its initial stage of preparation and were in the following order, 
50 MPa < 60 MPa < 70 MPa < 80 MPa. 
It was also observed that membranes prepared at lower pressure (50 MPa) have low fixed 
charge density, whereas membrane prepared at high pressure (80 MPa) carry higher 
charge density and essential wider and narrow surface openings, respectively. The values 
of mobility of the electrolytes in the membrane phase were found to be high at lower 
126 
concentration for all the electrolytes. The distribution coefficient values were found to be 
diminished with the increasing electrolyte concentration and follow the order of KCl < 
NaCl < LiCl. And all the composite membranes of molybdate work well in the pH range 
of 2.0-7.0 and the electrochemical properties of these membranes clearly indicated that 
all the composite membranes are cation selective. 
The surface-charge model work as a tool to improve the performance of 
membrane filtration process. For future work, this model can be improved fiirther which 
can be acceptable and withstands in the range of the commercial membranes available in 
the market. 
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t. introduction 
In recent years, many promising polymers and their composites 
with strong add functionality such as polyarylene ether sulfone [1,2] 
and sulfonated poly (ether, ether ketone) (SPEEK) (3-6J had been 
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widely studied and showed excellent stabilities and electrochemical 
properties. However, these memtwanes require a high pressure humid-
ification system in order to keep liquid water in the polymer matrix (7], 
Where the precipitated membranes are of possible interest in analytical 
chemistry for two reasons; they may be useful as direct measurement of 
ion concentration or activity and for titrations involving precipitation 
reactions, and they may provide information about the surface electrical 
characteristics of the precipitates, thereby contributing fundamental 
Journal of Saudi Chemical Society (2013) xxx, xx%-%x% 
King Saud University 
Journal of Saudi Chemical Society 
www.ksu.edu.sa 
www.scicnccdirect.coni 
ORIGINAL ARTICLE 
Preparation and characterization of polystyrene 
based Nickel molybdate composite membrane 
electrical-electrochemical properties 
Urfi Ishrat, Rafiuddin * 
Membrane Research Laboratory, Department of Chemistry, Aligarh Muslim University, Aligarh 202002, India 
Received 2 July 2012; accepted 1 January 2013 
KEYWORDS 
Impedance; 
Membrane potential; 
Particle size; 
SEM micrograph; 
XRD 
Abstract The functional properties of the polystyrene based Nickel Molybdate composite mem-
brane prepared by applying 70 MPa pressure are described. The fabricated membrane was charac-
terized by using Fourier Transform Infrared, X-ray diffraction, particle size analyzer and Scanning 
electron microscopy technique and has been investigated for its functional, diffusive, electrochem-
ical and electrical properties. The impedance data of membrane having capacitive ai»d resistive com-
ponents are plotted, which show the sequence of semicircles representing an electrical phenomenon 
due to grain material, grain boundary and interfacial phenomenon. The diffusion of electrolytes was 
determined by the TMS method revealing dependence of membrane potential on the charge on the 
membrane matrix, charge and size of permeating ions. The membrane determined the activity of 
cations with good accuracy in the higher concentration range and shows a great selectivity for 
K^. Other electrochemical properties like transport number have been discussed its selectivity. 
© 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University. 
1. Introduction 
The multitude of potential applications was identified and a 
several billion dollar market was predicted for the mem-
brane-based industry by the turn of this century (Lonsdale. 
1982). The overall success of the membrane technology, how-
ever, is lagging behind these expectations. In some applica-
Tel./fax: +91 571 2703515. 
E-mail addresses: urfiiishraKirtgmail.com, rafi_amu(2;yahoo.com 
(Rafiuddin). 
Peer review under responsibility of King Saud University 
tions. such as in hemodialysis, in reverse-osmosis seawater 
desahnation, in micro and ultrafiltration of surface water, or 
in the separation, concentration, and purification of food 
and pharmaceutical Industries (Laine et at.. 2000), in fuel cells 
and as battery separators and so on, membranes indeed play 
an important role today. New inorganic and organic materials, 
super molecular structures with specific binding properties, are 
used as membrane materials (Khan and Rafiuddin, 2011). Ni 
molybdates are attractive compounds because of their struc-
tural, magnetic, catalytic and electrochemical (Li storage) 
properties (Strathmann, 2001; Jacob et al., 1987; Wiesmann 
et al., 1995; Jacob and Varamban, 1998; Livage et al., 2002; 
Mazzocchia et al.. 1991; Rodriguez et al., 1999). These proper-
ties depend not only on their compositions and structures but 
also on their particle's morphology and size. It has been 
known that preparation methods and conditions become key 
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http://dx.doi.org/10. IO16/j.jscs,2013.0I.OO4 
Please cite this article in press as: Ishrat, U., Rafiuddin, Preparation and characterization of polystyrene based Nickel molybdate composite 
membrane electrical-electrochemical properties. Journal of Saudi Chemical Society (2013), http;//dx.doi.org/I0.1016/j.jscs.2013.01.004 
